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ABSTRACT
S ev e ra l  new c o o rd in a t io n  compounds o f  uranium (IV ) and 
uranium(V) have been sy n th e s iz ed  and c h a r a c t e r i z e d .  P h y s ic a l -  
chem ica l s tu d i e s  c a r r i e d  ou t w i th  th e se  new compounds have 
in c lu d e d  m agnetic  s u s c e p t i b i l i t y  measurements and i n f r a r e d ,  
v i s i b l e  and n e a r - i n f r a r e d  s p e c t r a l  s t u d i e s ,  i n  a d d i t i o n  to  o th e r  
c h a r a c t e r i z i n g  methods such as th e  d e te r m in a t io n  o f  m e l t in g  p o i n t s ,  
s o l u b i l i t i e s ,  c o n d u c t i v i t i e s  and the rm al s t a b i l i t i e s .  In c lu d ed  
among th e s e  compounds i s  a unique phosphorus-donor  complex of 
u ran ium  t e t r a c h l o r i d e  [2 U C j^ » e th y le n e b is (d ip h e n y lp h o sp h in e ) ] ;  
a complex in  which the  uranium(IV) ion  i s  c o o rd in a te d  to  two 
q u a d r id e n ta t e  l ig a n d  m o lecu les  [U ( e th y le n e d ia m in e b i s ( s a l i c y l a ld e h y d e ) )  
and a  v o l a t i l e  uranium (IV) complex w i th  th e  l ig a n d  d ip iv a lo y lm e th a n e  
[U(dpm)4 ] .
N itro g en -d o n o r  complexes o f  U(IV) were p re p a red  w i th  th e  
l ig a n d s  e th y len ed iam in e  [UCj&^»4en], p y r id in e  [UCj&^»2py], p i p e r i d i n e  
[UCji^«4pip], 2 -p y r id in eca rb o x a ld eh y d e  [UCA^» (^ -p y c )  ^ ] ,  d i - 2 - p y r id y lk e to n e  
[2UCj&^»3dpk], 2 -am ino-3 -hyd roxypyrid ine  [UCj6^ *4 ah p ],  a n i l i n e  
[UCj£^»2anil], and o -phenylened iam ine [UCj&^ » 2 p en ] .  I n  g e n e r a l ,  th e se  
a d d i t i o n  compounds a r e  v e ry  h y g ro sco p ic ,  a re  t h e r m a l ly  u n s ta b l e  and 
show s l i g h t  s o l u b i l i t i e s  in  o rg a n ic  s o lv e n t s .
O ther complexes of U(IV) w ith  oxygen-donor l ig a n d s  in c lu d e d  
compounds w i th  k o j i c  a c id  [U (k o j )^ ] ,  c h lo r o k o j i c  a c id  [U (C jJ-koj)^],
v i i
s a l i c y l a ld e h y d e  [ U ( s a l ) ^ ] ,  e th y le n e b is ( d ip h e n y la r s in e o x id e )
[UC^« ( d i a r s o 2) 2] ,  d im e th y ls u l fo x id e  [UCj^ * 4 dMS0 ] ,  and d ip h e n y l-  
s u l f o x id e  [UCX^OPl^SO]. As a g roup , th ese  oxygen-donor compounds 
a re  more s t a b l e ,  th e y  e x h i b i t  h ig h e r  m elting  p o i n t s  and show a 
w id e r  range  o f s o l u b i l i t i e s  in  o rg a n ic  s o l v e n t s .
E l e c t r o n i c  and v i b r a t i o n a l  s p e c t r a l  d a t a  w ere  used to  
o b ta in  ev idence  f o r  p o s s ib l e  1 0 -c o o rd in a t io n  i n  t ro p o lo n e  (T  = C^H^o”) 
complexes o f  U(IV) and T h(IV ). R e s u l t s  i n d i c a t e  10 -c o o r d in a t io n  
i n  th e  s o l id  LiUT^ and LiThT,. compounds, but d i s s o c i a t i o n  i n  s o lu t io n  
(DMSO and DMF) to  y i e ld  an  8- c o o rd in a te  s p e c i e s .
Some new compounds of uranium(V) p re p a re d  i n  t h i s  s tudy  
in c lu d e d  UCj& '^TCAC (TCAC = t r i c h l o r o a c r y l y l c h l o r i d e ) , RbUC^g and 
Pr^NUCAg. From e l e c t r o n i c  s p e c t r a l  s tu d ie s  i t  has b e en  found 
p o s s ib l e  (from  v i b r o n i c  bands) to  a s s ig n  v i b r a t i o n a l  modes o f  the  
h e x a c h lo ro u ran a te (V )  a n io n .  The sh a rp ,  w e l l - d e f in e d  peaks found 
in  t h e  e l e c t r o n i c  a b s o r p t io n  spectrum  a llow s a s s ig n m e n t  of th e  
t h r e e  odd v i b r a t i o n a l  modes ^ ( T ^ ) ,  v4 ^ i u) anc* v6 ^ 2 u^ a t  
121 and 92 cm \  r e s p e c t i v e l y .
v i i i
HISTORICAL
The ch em is try  o f  uranium has  a r i c h  and c o l o r f u l  h i s t o r y .  
The e lem en t was d is c o v e re d  by M.H. K la p ro th  In  1789 and named a f t e r  
th e  p l a n e t  Uranus. By red u c in g  a  n a t u r a l  ox ide ( p i t c h b le n d e )  w i th  
c a rb o n , K la p ro th  o b ta in e d  a m e t a l l i c  b la c k  su b s ta n c e  w hich f o r  
f i f t y - o n e  y e a r s  was though t to  be th e  pure  m e ta l .  B. P ^ l i g o t  of 
F ran ce  d em onstra ted  ( i n  1841) t h a t  th e  m e t a l l i c - l i k e  s u b s ta n c e  was 
in  r e a l i t y  a low er oxide of uranium , UO2 . P ^ l i g o t  o b ta in e d  the  
pure  e lem ent by r e d u c t io n  o f UCj^ w i th  p o ta ss iu m  m e ta l .  I n  1872, 
Mendeleev a s s ig n e d  an a tom ic  w e igh t o f  240 to  u ran ium , c o n t r a r y  to  
th e  w idesp read  a cc e p tan c e  a t  t h a t  tim e o f  th e  v a lu e  120. For many 
y e a r s ,  t h e r e f o r e ,  uranium  was t o  be th e  h e a v ie s t  known e lem en t.
The a tom ic  w e igh t o f  ap p ro x im a te ly  240 was e x p e r im e n ta l ly  v e r i f i e d  
te n  y e a r s  l a t e r  (1882) by Zimmermann. The r a d i o a c t i v e  n a tu r e  of 
uranium  was d isco v e re d  by B ecquere l i n  1896. B ecq u e re l  dem onstra ted  
t h a t  a l l  uranium  c o n ta in in g  compounds darkened p h o to g ra p h ic  p l a t e s .  
S h o r t ly  t h e r e a f t e r ,  P i e r r e  and M arie C urie  d is c o v e re d  th e  much 
more h ig h ly  r a d i o a c t i v e  e lem en ts  polonium  and rad iu m , w hich  were 
p r e s e n t  i n  t h e i r  uranium  o re .
Late  in  1938, O tto  Hahn and F r i t z  S trassm ann , working 
a t  th e  K a is e r  W ilhelm I n s t i t u t e  on ly  a few m ile s  from H i t l e r ' s  
C h a n c e l le ry ,  succeeded i n  s p l i t t i n g  th e  uranium atom by n e u tro n  
bombardment. I s o to p e s  o f  two l i g h t e r  e lem en ts ,  ,jgBa an(* 3 6* ^  
were produced in  t h i s  f i r s t  e n co u n te r  w i th  n u c le a r  f i s s i o n .  P r io r
i x
t o  t h i s  d i s c o v e ry ,  uranium was com m erica lly  u n im p o r ta n t ,  i t s  c h ie f
usages  b e in g  a s  a c o lo r in g  agen t f o r  g l a s s ,  p o t t e r y  and a r t i f i c i a l
t e e t h .  A f t e r  th e  d is c o v e ry  of n u c le a r  f i s s i o n ,  however, uranium
ach ieved  an im portance  few e lem ents  a t t a i n .  The c h e m is t ry  of
uranium , from t h a t  time on, has been i n t e n s e l y  s tu d ie d  by many
hundreds of w o rk e rs ,  th e  r e s u l t s  f i l l i n g  many vo lum es. I t s  ch em is try
i s  p e rh ap s  a s  w e l l  known a s  t h a t  o f  any o th e r  m e t a l l i c  e lem en t.
Much o f  th e  work perform ed d u r in g  th e  war t im e  e f f o r t  i s  on ly  now
b e in g  d e c l a s s i f i e d  and p u b l i s h e d .  Most o f  t h e  m ethods used to
r e l e a s e  n u c le a r  energy  invo lve  th e  n a t u r a l l y - o c c u r r i n g  i s o to p e ,
235U, hence , th e  c o o rd in a t io n  c h em is try  o f  u ran ium , though n o t  
d e a l in g  d i r e c t l y  w i th  th e  n u c le a r  p r o p e r t i e s  o f  th e  e lem en t,  becomes 
o f in c re a s e d  s c i e n t i f i c  and i n d u s t r i a l  im p o r tan c e .
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PART I  - COORDINATION CHEMISTRY OF URANIUM(IV)
A. INTRODUCTION
The c o o r d in a t io n  ch em is try  of uranium (IV ) was r e l a t i v e l y
l i t t l e  e x p lo re d  on ly  a few y e a r s  ago . However, s in c e  a b r i e f  rev iew
by Comyns*- in  1960, th e  number o f  U(IV) complexes has  more th an
d o ub led . Th is  new surge  in  i n t e r e s t  has produced much in fo rm a t io n
co n ce rn in g  s p e c t r a l ,  m agnetic  and chem ica l p r o p e r t i e s  o f  uranium(IV)
com plexes. S ince  Comyns' rev iew  o f  the  c o o r d in a t io n  c h em is try  of
2
th e  a c t i n i d e s ,  R uss ian  p ap e rs  have d e a l t  w i th  U(IV) compounds formed
3 ^ 5  6w i th  the l ig a n d s  o x a la te  , s u lp h a te  , c a rb o n a te  and i s o th io c y a n a te  .
A d d i t io n a l  r e p o r t s  have been concerned w i th  l ig a n d s  such a s  n i t r a t e ^ ,
1. A.E. Comyns, Chem. R e v s . . 6 0 . 115 (1 9 6 0 ) .
2. G.T. Bolotova and V.A. Golovnya, Kompleksn. S oed in . 
U rana . Akad. Nauk S .S .S .R . , I n s t .  Obshch i  N eorgan . Khim., p . 379. 
G enera l Review, 74 r e f s .  (1964) .
3. I b i d . ,  p . 419 (1964) .
4. I b i d . .  p .393 (1964).
5. I b i d . ,  p . 437 (1964).
6 . E.N. T raeeeim . I b i d . .  p . 447 (1 9 6 4 ) .
7. K.W. B ag n a l l ,  P .S . Robinson and M.A. S tew ard . J .  Chem
S o c . . 4060 (1 9 6 1 ) ;  T.R. Bhat and B.S. M athur, In d ia n  J .  T e c h n o l . .
1., 14 (1 9 6 3 ) ;  H.A.C. McKay and J .L .  Woodhead, J .  Chem. S o c . . 717 
(1 9 6 4 ) ;  J.M . C lev e lan d , J .  In o rg .  N ucl. Chem.. 26 . 1472 (1 9 6 4 ) .
1
h a l id e s® , o rg an ic  a c id s ^ ,  a lk o x id e s  and a l c o h o l a t e s * ^ ,  a c e t a m i d e s ^ ,
12 13phosphine  ox ides  and a few n i t r o g e n  donor l ig a n d s
Uranium e x i s t s  in  th e  o x id a t io n  s t a t e s  ( I I I ) ,  ( IV ) ,  (V), and
(V I) ,  th e  r e l a t i v e  s t a b i l i t y  be ing  in  th e  o rd e r  (U(VI)>U(IV)>U(III)>U(V).
Uranium(IV) s a l t s  r e a d i l y  h y d ro ly ze  in  w a te r ,  b u t  a r e  s t a b l e  in
s t r o n g ly  a c i d i c  s o lu t i o n s .  The e l e c t r o n i c  c o n f ig u r a t io n  o f  the
3 1 2uranium atom i s  [R n]5f 6d 7s , w hereas  t h a t  o f  U(IV) i s  s im ply  
2
[Rn]5f . The two 5£ e l e c t r o n s  a re  u n p a i re d ,  r e n d e r in g  th e  U(IV) 
io n  pa ram ag n e tic .  The a b s o r p t io n  bands found i n  th e  v i s i b l e ,  
n e a r - i n f r a r e d  re g io n  of the  spec trum  a re  a t t r i b u t e d  t o  LaPorte  
fo rb id d e n  f - f  t r a n s i t i o n s .  A lthough  d e t a i l e d  i n t e r p r e t a t i o n  o f  th e se
8 . I .V .  Tananaev, N.S. N ik o la ev ,  Yu.A. Luk'Yanychev and
A.A. O p a lo v sk i i ,  Usp. Khim.. 30. 1490 (1961) (Review o f  F Compounds);
V.M. Vdovenko, G.A. Romanov and V.A. Shcherbakov, R ad iokh im iya . j>, 664 
(1 9 6 3 ) ;  K.W. B ag n a l l ,  D. Brown, P . J .  Jo n es  and J .G .H . DuPreez, J .  Chem. 
S o c . . 350 (1965).
9. (a) B. Sahoo, In d ia n  J .  Chem.. 2 ( 2 ) ,  75 (1964 ) ;
(b) R.C. P a u l ,  J . S .  G hotra  and M.S. B a in s ,  J .  In o rg .
N ucl. Chem.. 27, 25 (1965).
10. D.C. B rad ley , R.N. Kapoor and B.C. Sm ith, J .  In o rg .
Nucl. Chem.. 24, 863 (1962).
11. K.W. B ag n a ll ,  A.M. Deane, T.L . M askin, P .S .  Robinson 
and M.A.A. S te w a r t ,  Chem. S o c . . 1611 (1961) ; K.W. B ag n a ll ,
D. Brown and A.M. Deane, I b i d . . 1655 (1 9 6 2 ) .
12. (a) R.E. P an zer  and J . F .  S u t t l e ,  Jj_ In o r g .  N ucl. Chem..
15. 67 (1960).
(b) P. Gans and B.C. Sm ith , J .  Chem. S o c . . 4172 (1964).
13. (a) P . Gans  and B.C. Sm ith , J .  Chem. S o c . . 4177 (1964) .
(ophen and d ip y ) ;
(b) I ,  Kalmins and G. G ibson, In o rg .  Nucl. Chem.. 1_, 
55 (1958) (NH3 , MeNH2 , EtNH2 , N Ity) ;
(c )  H .J .  B er th o ld  and H. K nech t,  Angew. Chem. ( I n t e r n a t .  
E d i t . ) ,  4 , 431, 433 (1965) (NH3, N i y .
14 15s p e c t r a  a r e  d i f f i c u l t ,  papers  by Jo rgensen  and S a t t e n  have d e a l t
w i th  th e  problem .
Uranium(IV) t e t r a h a l i d e s  r e a d i l y  form c o o r d in a t io n  complexes
w i th  oxygen and n i t r o g e n  donor l ig a n d s .  In  n e a r l y  a l l  c a s e s  th e
compounds a re  h y g ro sco p ic  and must be p r o t e c t e d  from a m o is t  a tm osphere .
Ease o f  o x id a t io n  o f  the  U(IV) t o  U(VI) o f t e n  r e q u i r e s  p r o t e c t i o n  of
th e  compounds from oxygen a l s o .  A d d it io n  complexes w i th  o th e r  donor
atoms a r e  ex trem e ly  r a r e ,  th e r e  c u r r e n t l y  b e in g  o n ly  one r e p o r te d
16complex w i th  phosphorus , p repared  in  t h i s  i n v e s t i g a t i o n ,  and one 
w i th  s u l f u r ^ .  In  th e  p r e p a r a t io n  of c o o r d in a t io n  compounds o f  
U(IV), a t e t r a h a l i d e  i s  o f te n  found to  be a c o n v e n ie n t  s t a r t i n g  
m a t e r i a l .  Uranium t e t r a c h l o r i d e ,  one o f the  most s tu d ie d  and w id e ly  
used U(IV) compounds, e x h ib i t s  a wide range  o f  s o l u b i l i t y .  I t s  
s o l u b i l i t y  in  a l a r g e  number o f  o rg a n ic  s o l v e n t s ,  p a r t i c u l a r l y  
o x y g e n -c o n ta in in g  o n es ,  a l low s  i t s  c h em is try  to  be s tu d ie d  in  many 
non-aqueous sy s tem s .
In  th e  p r e s e n t  w o rk ,ap p ro x im a te ly  tw en ty  new c o o r d in a t io n  
compounds of uranium (IV) and uranium(V) were s y n th e s iz e d  and 
c h a r a c t e r i z e d .  C h a r a c t e r i z a t i o n  o f  th e s e  new compounds was accom plished  
by the  use of i n f r a r e d  and v i s i b l e - n e a r - i n f r a r e d  s p e c t r a l  d a ta ,  
m ag n e t ic  s u s c e p t i b i l i t y  d a ta ,  s o l u b i l i t y  m easurem ents , m e l t in g  p o in t
14. C.K. Jo rgensen , Mol. P h y s . . 2 , 96 (1 9 5 9 ) .
15. R.A. S a t te n ,  J .  Chem. P h y s . . 30 . 590 (1 9 5 9 ) .
16. J .  S e lb in  and J .D .  O rtego , J ^  In o r g .  N uc l.  Chem..
29, 1449 (1967) .
17. J . P .  B ib le r  and D.G. K a r ra k e r ,  p r e s e n te d  a t  Miami
A .C .S . M eeting , A p r i l ,  1967.
d e te r m in a t io n s  and i n  some case s  d i f f e r e n t i a l  th e rm a l a n a l y s i s  and
c o n d u c t i v i t y  d a t a .  Inc luded  among th e s e  compounds i s  th e  unique
u ran iu m (IV )-p h o sp h o ru s -d o n o r  a d d i t i o n  complex 2U C X ^.ethy leneb is-
(d ip h e n y lp h o sp h in e )  (2 U C ^ * d ip h o s ) , w hich i s  th e  o n ly  r e p o r te d
compound w i th  U(IV), U(V), o r  U(VI) t h a t  c o n ta in s  the  e l u s i v e ,
u n s t a b l e  U-P bond. The compound i s  v e ry  r e a c t i v e ,  b e in g  e s p e c i a l l y
s e n s i t i v e  to  m o is tu re .  A lso ,  an ex tre m e ly  s t a b l e ,  e ig h t - c o o r d in a t e d
complex was p re p a re d ,  in  which th e  uranium  io n  i s  su rrounded  by two
q u a d r id e n ta t e  l i g a n d s ,  U C e n s a l^ .  Complexes o f  t h i s  type  a re  v e ry
r a r e ,  and indeed th e r e  may on ly  be one o th e r  compound ( b i s p h th a lo -
c y a n in e t in ( I V ) )  in  w hich a m eta l atom i s  f u l l y  c o o rd in a te d  to  more
t h a n  one q u a d r id e n ta t e  l ig a n d .  The uranium (IV ) compound was r e p o r te d  
18 19y e a r s  ago * , bu t w i th  no c h a r a c t e r i z i n g  d a t a .  I t  was p re p a red
i n  t h i s  s tu d y  by a new method and i n  good y i e l d  (80%). The compound 
i s  s t a b l e  to  a h ig h  degree  and may be l e f t  u n p ro te c te d  in  th e  open 
a i r  s e v e r a l  hou rs  w i th o u t  d e co m p o s it io n .  I t  does n o t  m e lt  below 
300°C and i t  e x h i b i t s  z e ro  conductance  i n  n i t r o b e n z e n e .  I t s  h ig h  
s t a b i l i t y  and wide range of s o l u b i l i t y  le n d s  i t s e l f  r e a d i l y  to  
s p e c t r a l  s t u d i e s  in  v a r io u s  o rg a n ic  s o l v e n t s .  A v o l a t i l e ,  s t a b l e  
i n n e r  complex of uranium(IV) was p rep a red  by th e  r e a c t i o n  o f UCjfc^  
w i t h  d ip iv a lo y lm e th a n e  (Hdpm) to  produce U(dpm)^. The compound may
18. J . S .  Dixon, U .S .A .E .C . R eport CK-1763 (1944) , 
d e c l a s s i f i e d  1964.
19. H.D. Brown and F . J .  W o lte r ,  U .S. P a te n t  2 ,7 7 8 ,8 4 3 ;  
idem . Chem. A b s t s . . 51. 5590 (1957).
be sublim ed a t  reduced p r e s s u r e s  w i th  on ly  p a r t i a l  d eco m p o s i t io n .
S ince  no vapor  phase s p e c t r a l  s t u d i e s  have been r e p o r te d  on U(IV) 
com plexes, i t  should  be p o s s ib le  (w ith  th e  p ro p e r  equipm ent) to  
o b ta in  s p e c t r a l  d a ta  on t h i s  e ig h t - c o o r d i n a t e  s p e c ie s  a t  r e l a t i v e l y  
low te m p e ra tu re s  (~200°C). The compound forms s t a b l e  s o lu t io n s  in  
a wide v a r i e t y  o f  o rg a n ic  s o lv e n t s ,  and th e  low te m p e ra tu re  (77°K) 
spec trum  i n  an o rg a n ic  g l a s s  was o b ta in e d .  O ther  in n e r  complexes 
w i th  oxygen-donor l ig a n d s  in c lu d e  th o se  formed w i th  k o j i c  a c id ,  
c h lo r o k o j i c  a c id ,  and s a l i c y l a ld e h y d e ,  U (k o j )^ ,  U(CjJ-koj)^ and 
U ( s a l ) ^ ,  r e s p e c t i v e l y .  A d d i t io n a l  compounds w i th  oxygen donors 
were formed between uranium t e t r a c h l o r i d e  and e th y le n e b i s ( d ip h e n y l -  
a r s in e o x id e )  (UCX,»(Jiarso2 ) 2) > d im e th y l s u l f  ox ide  (UCj6^*4DMSO) , and 
d ip h e n y ls u l f o x id e  (UCj^*SPh^SO). N i t ro g e n -d o n o r  a d d i t i o n  complexes 
were p rep a red  w i th  UCU  ^ and e th y le n ed ia m in e  (U C ^ * 4 e n ) ,  p i p e r i d i n e  
(UCj&^»4pip), p y r id in e  (U C ^»2py), 2 -p y r id in e c a rb o x a ld e h y d e  
(UCj&^ » (2pyc) 2) , d i - 2 - p y r i d y l  k e tone  (2UCA^» 3dpk) , 2 -am ino-3- 
h y d ro x y p y r id in e  (UCA^»4ahp), a n i l i n e  (U C j^ * 2 a n i l ) , and o -pheny lened iam ine  
(UCj&^ » 2 p e n ) . As a group th e se  n i t r o g e n -d o n o r  complexes a r e  ex trem e ly  
h y g ro sc o p ic  and s u s c e p t ib le  to  a i r  o x id a t io n .  F o r  th e s e  re a so n s  
th e y  must be s to re d  and handled  in  a d ry ,  i n e r t  a tm osphere . The 
compounds a r e  th e rm a l ly  u n s ta b le  and u s u a l l y  decompose b e fo re  o r  upon 
m e l t in g .  T h e ir  i n s t a b i l i t y ,  l im i t e d  s o l u b i l i t y  in  o rg a n ic  s o lv e n t s  
and decom pos it ion  in  aqueous ones makes th e  s tu d y  o f  th e se  compounds 
somewhat d i f f i c u l t .  The oxygen-donor complexes a re  more s t a b l e
toward w a te r  and oxygen, a l th o u g h  th e y  s t i l l  must be p r o te c te d  from 
th e  a tm osphere . They show sh a rp  m e l t in g  p o i n t s ,  u s u a l l y  w i th o u t  
d e co m p o s it io n ,  and a w ider  range  of s o l u b i l i t i e s .
E l e c t r o n i c  and v i b r a t i o n a l  s p e c t r a l  d a ta  were used to  
o b ta in  ev idence  f o r  p o s s ib le  t e n  c o o r d in a t io n  i n  t ro p o lo n e  complexes 
o f  Th(IV) and U(IV). The fo l lo w in g  compounds o f  th e  b id e n t a t e  
l ig a n d  t ro p o lo n e ,  H C ^ H ^ ,  (T=C7H502) were p re p a re d :  LiT, UT^,
LiUT5, ThT^ and LiThT^. The i n f r a r e d  s p e c t r a  gave s l i g h t  su p p o rt  
f o r  1 0 -c o o rd in a t io n  (C-H in -p la n e  d e fo rm a t io n  r e g i o n ) ,  b u t  th e  
e l e c t r o n i c  s p e c t r a  of th e  s o l i d s  in  th e  6250-20 ,000  cm  ^ r e g io n  
gave s t ro n g  su p p o rt  to  the  p o s t u l a t e  o f  1 0 - c o o r d i n a t i o n  in  th e  
s o l i d  LiMT,. compounds. A lso , th e  e l e c t r o n i c  s p e c t r a  o f  s o lu t io n s  
o f  th e  complexes s t r o n g ly  s u g g e s t  t h a t  th e  1 0 - c o o r d in a t e  s p e c ie s  
do n o t  p e r s i s t  i n  s o lu t io n ,  b u t  t h a t  t h e r e  e x i s t  more o r  l e s s  
s t r o n g ly  s o lv a te d  8- c o o r d in a te  s p e c i e s .
B. EXPERIMENTAL
1. P r e p a r a t io n  of Compounds
A l l  th e  ch em ica ls  used  in  th e  s y n th e s e s  o f  th e  complexes 
were c a r e f u l l y  d r i e d .  S o l id s  were g e n e r a l l y  h e a te d  under vacuum 
and l i q u i d s  were e i t h e r  d i s t i l l e d  o r  t r e a t e d  w i th  an a p p r o p r i a t e  
d ry in g  a g e n t .
Uranium t e t r a c h l o r i d e  was p re p a re d  by th e  method o f
20S u t t l e  . Uranium a n a ly s e s  were c a r r i e d  o u t i n  e i t h e r  o f  two ways:
(1) Permanganate t i t r a t i o n  i n  IN o f vU(IV) to  U (V I), and
(2) R eac t io n  o f  the  compound w i th  conc. HNO^. h e a t i n g  t o  d ry n e ss
fo llow ed  by i g n i t i o n  o f  th e  r e s u l t i n g  UC^CNO^)2 *xH2 0 . The d a rk
g rey  r e s id u e  was th en  weighed a s  Uo0 Q. C h lo r in e  a n a ly s e s  wereJ  o
accom plished  by p r e c i p i t a t i o n  o f  th e  c h lo r id e  w i th  e x c e s s  s i l v e r
+ - 34-n i t r a t e  fo llow ed  by t i t r a t i o n  o f  e x c e s s  Ag w i th  NCS u s in g  Fe
as  i n d i c a t o r .  E lem en ta l a n a ly s e s  f o r  c a rb o n , hydrogen , n i t r o g e n ,
s u l f u r ,  phosphorus and io d in e  were o b ta in e d  from  commerical a n a l y t i c a l
l a b o r a t o r i e s .
a) Complexes w i th  N i t ro g e n  Donor L igands
UCl^»4en [ T e t r a k i s ( e th y le n e d ia m in e ) u r a n iu m ( I V ) c h lo r id e ]
An excess  o f  i c e - c o o le d ,  d ry  e th y le n ed ia ra in e  was poured 
over s o l id  UCji^, under n i t r o g e n .  The m ix tu re  was h ea ted  to  100°C
20. J . F .  S u t t l e ,  I n o r g .  S y n . . 5, 145 (1 9 5 7 ) .
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and s t i r r e d .  A f te r  removal o f  th e  e x c e s s  e th y le n ed ia m in e  by vacuum, 
a d a rk  g re e n ,  a lm ost b la ck  s o l i d  rem ained , w hich cou ld  n o t  be
p u r i f i e d  by any of th e  common p ro c e d u re s .  I t  m e l ts  i n  th e  range
75-85°C to  a dark  o i l y  s u b s ta n c e .  I t  i s  i n s o l u b l e  i n  benzene, 
a c e to n e ,  and e th e r ,  b u t  i t  d i s s o l v e s  e a s i l y  i n  w a te r  w i th  deco m p o sit io n ,  
y i e l d i n g  a g reen  s o lu t i o n .
A n a ly s is  f o r  UCjfc^»4en: Found: Cjfc, 2 2 .2 ;  C, 1 4 .3 ;  H, 5 .7 .
C a lc 'd :  CjJ, 2 2 .9 ;  C, 1 5 .5 ;  H, 5 .1 7 .
UCjL »4C_H^qNH [ l e t r a p ip e r id i n e u r a n i u m ( I V ) c h l o r i d e ]
Excess p i p e r i d i n e  was poured ov e r  s o l i d  UCj&^  in  a n i t r o g e n  
a tm osphere . The m ix tu re  showed s ig n s  o f  im m ediate r e a c t i o n ,  
g e t t i n g  h o t ,  and i t  was th e n  s t i r r e d  a t  room te m p e ra tu re  (25°C) 
f o r  1 h o u r .  Dry benzene was added and th e  m ix tu re  f i l t e r e d  under 
n i t r o g e n ,  washed w i th  benzene, and d r i e d  in  vacu o . The g rey  p ro d u c t  
showed no s ig n s  of deco m p o sit io n  a f t e r  b e in g  l e f t  i n  th e  open a i r  
o v e r n ig h t .  I t  i s  s o lu b le  in  benzene , a c e to n e  and w a te r .  D i f f e r e n t i a l  
th e rm a l a n a ly s i s  (DTA) shows a sh a rp  en d o th erm ic  peak a t  208°C.
When th e  compound was h ea ted  under Ng to  200°C f o r  30 m i n u t e s , i t  
tu rn e d  d a rk  and p i p e r i d i n e  could  be d e te c te d  by i t s  o d o r .  An 
a n a l y s i s  f o r  Cj& of th e  h e a te d  p ro d u c t  i n d i c a t e d  a fo rm ula  UCj£^»2.8pip.
A n a ly s is  f o r  UCj£^*4C,.H^qNH: Found: Cj&, 1 9 .7 ;  N, 8 .0 ;
C, 3 3 .3 ;  H, 7 .1 .
C a lc 'd :  CjI ,  1 9 .7 ;  N, 7 .7 8 ;  C, 3 3 .3 ;  H, 6 .1 2 .
UCjL  • 2C_1L.N [D ip y r id in eu ran iu m (IV ) c h l o r i d e ]
S o lid  U C j w a s  added to  p y r id i n e ,  w hich had been p re v io u s ly  
d i s t i l l e d  over KOH and th e n  coo led  to  j u s t  above i t s  f r e e z in g  p o in t  
b e fo re  th e  a d d i t i o n  o f  th e  UC4^. The m ix tu re  was warmed s low ly  and 
f i n a l l y  h e a te d  a t  110°C f o r  2 h o u r s .  Removal o f  ex cess  l ig a n d  by 
vacuum d i s t i l l a t i o n  l e f t  a g re y  s o l i d  w hich i s  i n s o lu b l e  i n  a ce to n e  
and e t h e r  and which i s  decomposed by w a te r .  DTA showed no m e l t in g  
p o in t  up to  440°C, and th e  s o l i d  i n  a i r  d id  n o t  m e lt  up to  260°C. 
However, th e  shapes of th e  two en d o th erm ic  peaks a t  305°C and 387°C 
in d ic a t e d  w e igh t l o s s e s ,  p o s s ib ly  th e  two p y r i d i n e s .  The compound
305° 387°
UCA, • 2py ------- >■ UCjL »py  »  UCjI,4 r s  _ p y  4  r j  _ p y  4
was h e a te d  under Ng a t  230°C f o r  30 m in u te s ,  and b o th  c h lo r in e  
a n a l y s i s  and i t s  i n f r a r e d  spec trum  in d ic a t e d  t h a t  no change had 
ta k e n  p la c e .
A n a ly s is  f o r  UC.^* 2C5H5N: Found: U, 4 5 .5 ;  Cjfc, 2 5 .9 ;  N, 4.
C a lc 'd :  U, 4 4 .3 ;  Cj&, 2 6 .4 ;  N, 5 .2 .
U C j j ^ ( 2 - p y c ) [B is (2 -p y r id in e c a rb o x a ld e h y d e )u ra n iu m (IV )  c h lo r id e ]
A s o lu t i o n  o f  UCj^ d i s s o lv e d  in  t e t r a h y d r o f u r a n  (THF) 
was added to  an ex cess  ( 1 :4  mole r a t i o )  o f  f r e s h l y  d i s t i l l e d  
2 -p y r id in e c a rb o x a ld e h y d e .  The g r e e n is h - y e l lo w  p r e c i p i t a t e  which 
formed a lm os t im m edia te ly  was s t i r r e d  f o r  t h r e e  h o u rs  under a 
n i t r o g e n  a tm osphere . The f i l t e r e d  p ro d u c t  was washed s e v e r a l  t im es
10
w i th  THF and d r ie d  in  v acu o , y i e l d i n g  a g re e n  powder. The compound 
i s  s o lu b le  in  n i t ro m e th a n e ,  e t h a n o l ,  d im ethy lform am ide and 
d im e th y l s u l f o x id e ; s l i g h t l y  s o lu b le  in  a c e t o n i t r i l e ; and in s o lu b le  
in  ch lo ro fo rm , benzene and e t h e r .  I t  i s  v e r y  h y g ro s c o p ic  and 
decomposes w i th in  m in u tes  in  th e  a tm o sp h ere .
A n a ly s is  f o r  UCj&^CCgH^NO^: Found: C, 2 4 .7 9 ;  H, 3 .0 1 ;
N, 4 .7 5 .
C a lc 'd :  C, 2 4 .2 3 ;  H, 1 .8 2 ;  N, 4 .7 1 .
2UCA^»3C^^HqN»0 [ T r i s ( d i - 2 - p y r i d y l k e t o n e ) d i u r a n i u m ( I V ) c h l o r i d e ]
_ o
To 1.84g (10 mole) o f  d i - 2 - p y r i d y l k e t o n e  d i s s o lv e d  in
-250 ml o f  d ry  t e t r a h y d r o f u r a n  was added 0 .9 6 g  (0 .25x10  mole) o f  
UC4^. Upon a d d i t i o n  o f  th e  u ran ium  s a l t ,  t h e  m ix tu re  tu rn e d  a 
deep  p u rp le  c o lo r .  The m ix tu re  was s t i r r e d  a p p ro x im a te ly  2 hou rs  
under  a a tm osphere . A f t e r  30 m in u te s  a l i g h t  co lo re d  p r e c i p i t a t e  
began form ing . The s o l id  was c o l l e c t e d  by f i l t r a t i o n  under N^, 
washed s e v e ra l  t im es  w i th  THF and d r i e d  under vacuum. The t a n - g r e y  
p r e c i p i t a t e  i s  i n s o lu b l e  in  a c e to n e ,  e t h e r  and benzene . I t  i s  
s l i g h t l y  s o lu b le  in  m e th y lc y a n id e ,  d im e th y l s u l f o x id e ,  d im ethylform am ide 
and n itro m eth an e  and s o lu b le  i n  w a te r .  v
A n a ly s is  f o r  2UCj(^»3C^HgN2 0 : Found: C, 2 9 .7 ;  H, 2 .4 ;
CjI, 21 .0 .
C a lc 'd :  C, 3 0 .2 ;  H, 1 .8 ;  C£, 2 1 .6 .
U0? (C11HfiN9l0) »Cj6?*3H?0 [B is (2 -d ip y r id y lk e to n e ) d io x o u ra n iu m (V I ) -
c h l o r i d e t r i h y d r a t e ]
One gram of 2*UCj&, (3»C .-H QN„0) was t r e a t e d  w i th  a few 
4 11 o /.
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d ro p s  o f  an  aqueous s o lu t i o n  o f  A y e llo w  p r e c i p i t a t e
formed a lm ost im m ed ia te ly .  The s o l i d  was f i l t e r e d ,  washed w ith
H^O and vacuum d r i e d .  I n f r a r e d  d a t a  i n d i c a t e s  th e  p re sen c e  o f  th e
2+ -1 u ra n y l  io n  (U02 ) ,  showing a s t r o n g  band a t  917 cm [v g (U=0) ] and
a l s o  th e  p re sen c e  o f  w a te r .  The compound decomposes n e a r  208°,
tu r n i n g  b la c k .
A n a ly s is  o f  U O ^ ^ H g l ^ O ^ C ^ O ^ O :  Found: C, 3 4 .5 ;  H, 2 .7 8 .
C a l c 'd :  C, 3 4 .7 ;  H, 2 .1 .
U C j ^ * 4 C [ T e t r a k i s ( 2 -am ino-3 -hydroxy  p y  r i d i n e )  uranium (IV ) c h l o r i d e ]
_2
To 3 .42g  (3 .1x10  mole) o f  2 -a m in o -3 -h y d ro x y p y rid in e  i n
_3
50 ml o f  d ry  t e t r a h y d r o f u r a n  was added 2 .8g  (6 .0 x 1 0  mole) o f  UCA^.
The m ix tu re  was s t i r r e d  under N2 o v e r n ig h t .  The y e l lo w is h -g re e n  
p r e c i p i t a t e  was f i l t e r e d ,  washed s e v e r a l  t im es  w i th  THF and d r ie d  
under  vacuum. The compound i s  i n s o l u b l e  in  a c e to n e  b u t  v e r y  s o lu b le  
i n  w a te r .
A n a ly s is  o f  Found: C, 3 0 .6 ;  H, 3 .5 ;  Cj£, 1 7 .0 .
C a lc 'd :  C, 2 9 .3 ;  H, 2 .9 ;  CJLt 1 7 .3 .
UCA^» 2C^H_NH„ [ B is ( a n i l i n e ) u r a n iu m ( I V ) c h l o r id e ]
UCjfl^*2C„H^N„H^ [B is (o -p h e n y le n e d ia m in e )u ra n iu m ( IV )c h lo r id e ]
E lem en ta l  a n a l y s i s  o f  t h e  above two compounds in d ic a te d  
th e  s to ic h io m e t r y  g iv e n .  They w ere p re p a re d  under n i t r o g e n  by 
d i s s o l v i n g  ex cess  l ig a n d  in  d ry  b en zen e ,  add ing  s o l id  UCjJ  ^ t o  th e  
s o l u t i o n  and h e a t in g  g e n t ly  (~45°C ). The p ro d u c ts  were c o l l e c t e d
12
by f i l t r a t i o n  under n i t r o g e n ,  washed w i th  d ry  benzene and vacuum 
d r i e d .  These compounds proved  v e ry  u n s ta b l e  even when handled  in  
an  i n e r t  atm osphere  and f u r t h e r  c h a r a c t e r i z a t i o n  was abandoned.
b) Complexes w ith  Oxygen Donor L igands
iKCyH^O^)^ [ T e t r a k i s ( l ,2 - c y c lo h e p ta n e d io n o ) u r a n iu m ( I V ) ]
To 1.33g o f 1 , 2 -c y c lo h e p ta n e d io n e  d i s s o lv e d  in  45 ml o f  
THF was added 0 .9g  o f  UCj The m ix tu re  was s t i r r e d  under 
o v e r n ig h t .  The e t h e r  s o l u t i o n  was th en  d r i e d  w i th  MgSO^ and 
f i l t e r e d .  The s o lv e n t  was removed under vacuum, y i e l d i n g  a 
red-brow n s o l i d .  The s o l i d  was s o lu b le  i n  a c e t o n i t r i l e ,  carbon 
t e t r a c h l o r i d e  and t e t r a h y d r o f u r a n .  The compound i s  v e ry  u n s ta l b e ,  
decomposing t o  a d a rk  o i l  even in  a c lo se d  v i a l .
A n a ly s is  o f  UCC^HgOp^: Found: C, 4 5 .1 ;  H, 5 .3 8 .
C a l c 'd :  C, 4 5 .6 ;  H, 4 .8 8 .
U(C,H„0^.)^ [T e t r a s a l ic y la ld e h y d o u ra n iu m (IV )  ]
Uranium t e t r a c h l o r i d e  was d i s s o lv e d  in  w a te r  and an excess  
( c a .  5 :1 ) of s a l i c y la ld e h y d e  was added . As th e  m ix tu re  was s t i r r e d ,  
a s o l u t i o n  o f  ^ 2 0 0 ^ ( 2 0 % by w e ig h t)  was added dropw ise  u n t i l  the  
s o l u t i o n  ceased  e f f e r v e s c i n g  and tu rn e d  brown and a p r e c i p i t a t e  
began fo rm ing . S t i r r i n g  was c o n t in u ed  f o r  a n o th e r  30 m in u tes  
fo llow ed  by f i l t r a t i o n  under n i t r o g e n .  A ta n - c o lo r e d  p ro d u c t  was 
i s o l a t e d  which was washed w i th  a b s o lu t e  e th a n o l ,  fo llow ed  by e t h e r ,
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and th en  vacuum d r i e d .  The compound shows s l i g h t  s o l u b i l i t i e s  in  
e th a n o l  and e t h e r .  I t  b eg in s  to  d a rk e n  a t  abou t 225°C, bu t i t  does 
n o t m elt up to  290°C.
A n a ly s is  f o r  Found: C, 4 6 .3 8 ;  H, 2 .9 3 ;  U, 3 3 .7 .
C a lc 'd :  C, 4 6 .5 5 ;  H, 2 .7 9 ;  U, 32 .95 .
U(C^H ^ N ,jO ^ )^  [B is -{ e th y le n e d ia m in e b i s ( s a l ic y la ld e h y d o )} u ra n iu m ( I V ) ]
The t e t r a s a l i c y l a l d e h y d e  complex was d i s s o lv e d  in  an 
e x ce ss  o f  d ry  e th y len ed iam in e  and th e  s o l u t i o n  s t i r r e d  under n i t r o g e n .  
The s o lu t io n  grew warm and a f t e r  ab o u t  5 m inu tes  a brown p r e c i p i t a t e  
began form ing . When th e  s o l u t i o n  had coo led  down to  room tem p e ra tu re  
(25°C ), i n  ap p ro x im a te ly  30 m in u te s ,  i t  was f i l t e r e d  under n i t r o g e n  
and y ie ld e d  a brown p roduc t w hich was c a r e f u l l y  washed w i th  e th e r  
and vacuum d f i e d .  The compound i s  u n u s u a l ly  s t a b l e  and shows a wide 
range  of s o l u b i l i t i e s .  I t  d i s s o l v e s  r e a d i l y ,  w i th o u t  d e co m p o s it io n ,  
i n  d im e th y ls u l fo x id e ,  t e t r a h y d r o f u r a n ,  d im ethy lfo rm am ide, n i t ro m e th a n e ,  
n i t ro b e n z e n e  and benzene. I t  i s  a l s o  s l i g h t l y  s o lu b le  in  e th a n o l  
and m ethano l.  The compound does n o t  m e l t  below 330°C, and had a 
m agnetic  moment of 3 .1  BM a t  298°C (X^ xlO^ = 4150).
A n a ly s is  f o r  U(C^gH^N2 0 2 ) £  Found: C, 4 9 .6 3 ;  H, 3 .7 6 ;
N, 7 .3 5 .
C a lc 'd :  C, 4 9 .8 9 ;  H, 3 .6 4 ;  N, 7 .2 7 .
g H j [ N o  name p o s s ib l e  s in c e  s t r u c t u r e  i s  unknown]
The compound U C e n s a l^  was d i s s o lv e d  i n  ch lo ro fo rm  to  
w hich was added io d in e  (1 :6  mole r a t i o ) .  W ith in  a few m in u te s ,  a
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gold-brow n p r e c i p i t a t e  s e p a ra te d  from  s o l u t i o n .  T h is  s o l id  was 
removed by f i l t r a t i o n ,  washed w i th  CHCAg and d r ie d  under vacuum.
F u r th e r  p u r i f i c a t i o n  was accom plished  by d i s s o lv i n g  th e  g o ld -c o lo re d  
s o l i d  in  t e t r a h y d r o f u r a n  to  w hich was added is o p e n ta n e ,  c aus ing  
r e p r e c i p i t a t i o n  o f  th e  compound. E l e c t r o n i c  a b s o r p t io n  d a ta  in d ic a te d  
t h a t  th e  U(IV) complex had been o x id iz e d  by t o  U(VI). The compound 
darkens  s lo w ly  n ea r  195°C.
A n a ly s is  o f  2I 2 : Found: C, 3 0 .3 ;  H, 2 .5 ;
N, 4 .6 ;  I ,  3 6 .0 .
C a l c 'd :  C, 3 0 .1 ;  H, 2 .2 ;  N, 4 .4 ;  I ,  3 9 .7 .
U(C^H^O^)^  [T e t r a k o ja to u ra n iu m ( IV ) ]
Uranium t e t r a c h l o r i d e  was added to  an aqueous s o lu t i o n  o f  
k o j i c  ac id  (1 :5  mole r a t i o ) .  Aqueous ^ £ 0 0 ^  (20% by w e igh t)  was 
added dropw ise w i th  s t i r r i n g  u n t i l  a p r e c i p i t a t e  began to  form.
The e v o lu t io n  o f  CO2 c r e a te d  heavy foaming i n  th e  m ix tu re .  A f te r  30 
m inu tes  o f  s t i r r i n g  under n i t r o g e n ,  th e  s o l i d  was f i l t e r e d  under 
n i t r o g e n  and washed s u c c e s s iv e ly  w i th  sm all amounts of w a te r ,  
e th a n o l ,  and f i n a l l y  THF. The g r e e n i s h  s o l id  was d r ie d  i n  v acuo .
The p roduc t i s  s o lu b le  i n  DMSO and DMF, s l i g h t l y  s o lu b le  in  e th a n o l ,  
and in s o lu b le  i n  a c e t o n i t r i l e ,  e t h e r ,  ch lo ro fo rm  and n i t ro m e th a n e .
The compound has a m olar s u s c e p t i b i l i t y  ( y ^ x l o S  o f 4280 and a 
m agnetic  moment o f  3 .2  BM a t  298°C.
A n a ly s is  f o r  U(CgH^O^)^: Found: C, 3 4 .3 6 ;  H, 3 .1 5 ;  U, 3 0 .0 .
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C a lc 'd :  C, 3 5 .9 0 ;  H, 2 .5 ;  U, 2 9 .7 .
U(C^H^OjCA)^ [ T e t r a k i s ( c h lo r o k o ja to ) u r a n iu m ( I V ) ]
T h is  c h lo r o k o j i c  a c id  complex was p re p a red  by th e  same 
p ro ced u re  used f o r  th e  k o j i c  a c id  compound. I t  i s  s l i g h t l y  so lu b le  
in  ch lo ro fo rm  and carbon  t e t r a c h l o r i d e ,  v e ry  s o lu b le  i n  n i t ro m e th a n e ,  
DMSO, DMF and benzene and i n s o lu b le  in  a c e t o n i t r i l e  and e t h e r .  The 
compound has a m olar s u s c e p t i b i l i t y  ( ) ^ x l0 ^ )  o f  4020 and a m agnetic  
moment o f  3 .1  BM a t  298°C.
A n a ly s is  f o r  UCCgH^O^CX)^: Found: C, 3 2 .9 2 ;  H, 2 .1 8 ;
U, 2 7 .5 .
C a lc 'd :  C, 3 2 .8 7 ;  H, 1 .8 2 ;  U, 27 .1 7 .
U(C^ H ^ O ^ ) ^  [ T e t r a k i s ( 2 ,  2 , 6 , 6 - t e t r a m e t h y l - 3 ,  5 -h ep tan e-d io n o )u ran iu m (IV ) ]
_ 3
Uranium t e t r a c h l o r i d e  (2 .2 8 g  = 6x10 mole) was added to  
_ o
DPM (5 .52g  = 3x10 mole) in  a p p ro x im a te ly  30 ml o f  THF. Ten drops 
o f  NagCO^ (20% by w e ig h t)  were n ex t  added . The r e s u l t i n g  s o lu t i o n  
was th en  s t i r r e d  one hour a f t e r  w hich tim e th e  o rg a n ic  l i q u i d  phase 
(THF) was d ecan ted  and d r i e d  w i th  anhydrous Na2SO^. Removal o f  th e  
Na2S0^ was e f f e c t e d  by f i l t r a t i o n .  The s o lu t i o n  was then  h ea ted  to  
50°C under vacuum to  remove e x c e s s  l ig a n d  and s o lv e n t .  The p roduc t 
was a v e ry  s t a b l e  brown s o l i d ,  showing no s ig n s  o f  decom posit ion  
when exposed t o  th e  a tm osphere  o v e rn ig h t  (d e te rm ined  from i t s  IR 
sp ec tru m ) .  The compound i s  v e ry  s o lu b le  in  benzene, THF and e t h e r ,  
s o lu b le  in  e th a n o l ,  s l i g h t l y  s o lu b le  in  DMSO and v e ry  s l i g h t l y
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s o lu b le  in  DMF and a c e t o n i t r i l e .  I t  b eg in s  t o  d a rk en  above 135°C 
and t u r n s  i n t o  a d a rk  o i l  around 230°C.
A n a ly s is  o f  UCCj^Hj^C^)^: Found: C, 5 4 .2 2 ;  H, 7 .9 8 .
C a l c 'd :  C, 5 4 .4 ;  H, 7 .8 4 .
UCA,(C r H ^As^O^)? [B is ( e th y le n e b i s - ( d ip h e n y la r s in e d io x id e ) u r a n iu m ( I V ) -
c h l o r i d e ]
UC£^ and e th y l e n e b i s ( d i p h e n y l a r s i n e )  were mixed to g e th e r  
in  THF s o lu t i o n s  i n  a m olar r a t i o  o f  1 :2 .  There was no v i s i b l e  s ig n  
o f  r e a c t i o n  upon mixing and th e  s o l u t i o n  was s t i r r e d  under n i t r o g e n  
o v e r n ig h t .  A f te r  t h i s  tim e t h e r e  was s t i l l  no e v id en ce  o f  r e a c t i o n .  
R ef lu x in g  th e  m ix tu re  under  n i t r o g e n  was a l s o  u n s u c c e s s f u l .  However, 
when th e  s o lu t i o n  was a llow ed  to  s tan d  s e v e r a l  days i n  a f l a s k  a 
l i g h t  g reen  s o l id  formed w hich , a f t e r  f i l t e r i n g  and washing w i th  
THF gave an a n a l y s i s  w hich f i t s  w e l l  f o r  HCJL^(.C2^2^i 8 2^2^ 2* *t s  
i n f r a r e d  spec trum  su p p o r ts  th e  fo r m u la t io n  a s  a complex c o n ta in in g  
th e  a r s in e  oxide ( o r  d i a r s i n e  d io x id e )  s in c e  s t r o n g  peaks a t  832 
and 851 cm  ^ were found w hich may be deduced to  be due to  th e  As = 0 
s t r e t c h i n g  f req u en cy  f o r  th e  l ig a n d  c o o rd in a te d  th ro u g h  the  oxygens.
A n a ly s is  f o r  U C G26H24^S2°2^2 : Found: c > 4 4 .0 8 ;  H, 3 .7 7 .  
C a l c 'd :  C, 4 4 .0 6 ;  H, 3 .4 2 .
UCl4 r(CHj ) 2SOL [T e t r a ( d  ime th y l s u l f o x id e ) u r a n iu m ( I V ) c h lo r id e ]
Uranium t e t r a c h l o r i d e  was added t o  an e x ce ss  of 
d im e th y ls u l fo x id e  and th e  m ix tu re  h e a te d  to  110°C f o r  30 m in u te s .
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A f t e r  c o o l in g ,  d ry  benzene was added and th e  g re y -g re e n  s o l id  
f i l t e r e d  under n i t r o g e n .  A sm a ll  amount o f  p in k i s h  s u b s tan ce  
w hich formed when UCji^ and (CH^gSO were f i r s t  mixed was s o lu b le  
i n  benzene , g iv in g  i t  a b ro w n ish  c o lo r  ( p o s s i b ly  U (V )?). The
s o l i d  p ro d u c t  i s  in s o lu b le  i n  e t h e r ,  a ce to n e  and benzene , bu t i t
d i s s o lv e s  in  w a te r  to  produce a g re e n  s o l u t i o n .  I t  m e l ts  to  a
l i g h t  g reen  l i q u id  i n  the  ran g e  o f  175-178°C, th en  tu r n s  i n t o  a
ye llo w  s o l id  a t  185°C. E ndo therm ic , l o s s  o f  w e ig h t  DTA peaks were 
found a t  196, 198, 285 and 310°C.
A n a ly s is  f o r  UCj&^CCH^^SO]^: Found: C, 1 2 .3 ;  H, 3 .5 5 ;
C l ,  2 1 .2 .
C a lc 'd :  C, 1 3 .9 ;  H, 3 .4 7 ;  C l ,  2 0 .5 .
«
UCJLA 2**^3 [ T r i s ( d i p h e n y l s u l f  o x id e )  uranium (IV) c h l o r i d e ]
D ip h e n y lsu l fo x id e  was d i s s o lv e d  in  d ry  benzene , added to  
U C j u n d e r  n i t r o g e n  and th e n  th e  m ix tu re  was s t i r r e d  f o r  2 h o u rs .
The l i g h t  g reen  f l u f f y  p r e c i p i t a t e  was f i l t e r e d ,  washed w i th  d ry  
benzene and d r ie d  under vacuum. I t  m e l ts  a t  122°C to  a c l e a r  g reen  
l i q u i d .  I t  d i s s o lv e d  in  a c e to n e  g iv in g  a g re e n  s o l u t i o n ,  and to  a 
l e s s e r  e x te n t  i n  w a te r ,  g iv in g  a f a i n t l y  g reen  s o l u t i o n .  I t  i s  
i n s o l u b l e  in  e t h e r  and benzene .
A n a ly s is  f o r  UCjfc^[(CgH,.)2 SOl 3 : Found: C, 4 0 .7 ;  H, 3 .7 ;
C l ,  1 4 .3 .
C a lc 'd :  C, 4 3 .8 ;  H, 3 .1 ;  C l ,  1 4 .4 .
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L l(C yH^.O^) [L ith ium  t r o p o l o n a t e ]
L ith ium  m e ta l  was added to  a s o l u t i o n  o f  t rd p o lo n e  in  
t o lu e n e  and th e  m ix tu re  was h e a te d  to  60°C w ith  s t i r r i n g .  A f te r  
3 h o u rs  a l i g h t  ye llow  p r e c i p i t a t e  was removed by f i l t r a t i o n ,  washed 
w i th  to lu e n e  and d r ie d  in  v a cu o .
A n a ly s is  o f  LiCC^H^O^): Found: C, 6 5 .9 ;  H, 4 .1 .
C a l c 'd :  C, 6 5 .6 ;  H, 3 .9 .
Th(CyH^.O^)^ [T e t ra k is ( t ro p o lo n o )L h o r iu m (IV )  ]
T h is  y e llow  compound was p re p a re d  by r e a c t i n g  Th(NOg)^ 
i n  aqueous s o lu t io n  and t ro p o lo n e  i n  m e th an o l ,  h e a t i n g  th e  m ix tu re  
on a steam  b a th ,  and f i l t e r i n g  and d ry in g  th e  r e s u l t i n g  p r e c i p i t a t e .  
A n a ly s is  o f  ThCC^H^O^)^: Found: C, 4 8 .2 ;  H, 3 .3 .
C a lc 'd :  C, 4 6 .9 ;  H, 2 .8 .
LiTHCC- . tL .O ^ . ' ) [L i th iu m  p e n t a k i s ( t r o p o lo n o ) th o r a t e ( I V )  ]
T h is  compound was p re p a red  by r e f l u x i n g  f o r  24 hours  a 
1 :1  m ix tu re  o f  LiT and ThT^ i n  50 mi* H^O, 80 ml CH^CN and 50 ml
c 2h 5oh.
A n a ly s is  o f  LiThT,.: Found: C, 4 9 .8 3 ;  H, 3 .1 .
C a lc 'd :  C, 4 9 .7 5 ;  H, 2 .9 9 .
UCC-.H.-O.-.'K [T e t r a k is ( t ro p o lo n o )u ra n iu m ( IV )  ]
UCA  ^ d is so lv e d  in  w a te r  was r e a c te d  w i th  ex ce ss  t ro p o lo n e .  
The ra p id  r e a c t i o n  led  t o  th e  fo rm a t io n  o f  a red-brow n p r e c i p i t a t e ,
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which was f i l t e r e d ,  washed c o n s e c u t iv e ly  w i th  w a te r ,  e th a n o l  and 
e t h e r ,  and th en  vacuum d r i e d .
A n a ly s is  o f  UT^: Found: C, 4 6 .7 6 ;  H, 3 .0 3 .
C a l c 'd :  C, 4 6 .5 2 ;  H, 2 .7 9 .
LiU(Cy H _ 0 ^ ) [ L i t h i u m  p e n t a k i s ( t r o p o lo n o ) u r a n a t e ( I V ) ]
A m ix tu re  o f LiT and UT^ (1 :1  mole r a t i o )  was re f lu x e d  
f o r  24 h o u rs  in  a s o l u t i o n  o f  50 ml H^O, 80 ml CH^CN and 50 ml 
C^H^OH. A re d d ish -b ro w n , c r y s t a l l i n e  p ro d u c t  was th en  i s o l a t e d  
by f i l t r a t i o n  i n  an i n e r t  a tm o sp h ere ,  washed w i th  e th a n o l ,  th e n  
vacuum d r i e d .
A n a ly s is  f o r  LiUT^: Found: C, 4 9 .6 2 ;  H, 3 .1 4 .
C a l c 'd :  C, 4 9 .4 0 ;  H, 2 .9 6 .
c) P hosphorus-donor Complexes
(U C l,)_(C  ,P ,J  [E th y le n e b is (d ip h e n y lp h o s p h in e )d iu ra n iu m (IV ) -  
4 ^ “ 26r-24-2- c h l o r i d e ]
A s o l u t i o n  of UCX  ^ d i s s o lv e d  in  THF was added to  an o th e r  
THF s o l u t i o n  c o n ta in in g  the  l ig a n d ,  e th y le n e b is ( d ip h e n y lp h o s p h in e ) , 
th e  m olar r a t i o  b e in g  1 :2 .  An immediate r e a c t i o n  o ccu rred  forming 
a l i g h t  g reen  p r e c i p i t a t e .  The m ix tu re  was s t i r r e d  under n i t r o g e n  
an a d d i t i o n a l  15 m in u te s .  The p ro d u c t  was f i l t e r e d ,  washed s e v e ra l  
t im es  w i th  THF in  an i n e r t  a tm o sp h ere ,  and d r ie d  under vacuum, 
y i e ld in g  a l i g h t  g reen  powder. The compound was in s o lu b le  in  e t h e r ,  
a ce to n e  and p -d io x a n e .  A ttem p ts  to  p re p a re  by
r e f l u x i n g  UCj£  ^ and th e  l ig a n d  in  THF were u n s u c c e s s f u l .  The compound 
does no t m e lt  below 300°C. I t s  m ag n e t ic  moment a t  300°K was measured 
a s  3 .2  BM ( ) y c l 0 6 = 4410).
2. S p e c t r a l  M easurements
a) V ib r a t io n a l
I n f r a r e d  s p e c t r a  w ere  reco rd ed  in  the  600-5000 cm  ^ re g io n  
u s in g  e i t h e r  a P e rk in -E lm er  model 21 sp ec tro p h o to m e te r  o r  a Beckman 
IR -7 . For th e  f a r - i n f r a r e d  r e g io n  (200-600 cm a Beckman IR-10 
o r Beckman IR-7 f i t t e d  w i th  C s l  o p t i c s  was u t i l i z e d ,  N ujo l m ulls  
p re s se d  between NaCjfc p l a t e s  o r  KBr p e l l e t s  were used in  th e  2—15(jl 
ra n g e ,  w hereas m u lls  between C sl p l a t e s  were used f o r  th e  f a r  
i n f r a r e d  r e g io n .
b) V is ib le  and N e a r - I n f r a r e d
A l l  v i s i b l e  and n e a r - i n f r a r e d  s p e c t r a  were reco rd ed  on 
a Cary model 14 s p e c t ro p h o to m e te r .  Room te m p e ra tu re  s p e c t r a  were 
reco rd ed  in  th e  fo l lo w in g  w ays: (1) KBr p e l l e t s  mounted on b ra s s
p l a t e s ;  (2) N ujo l m u lls  smeared on f i l t e r  p a p e r ;  (3) N ujo l m ulls  
p re s se d  between g l a s s  o r  NaCA p l a t e s ;  (4) In  s o l u t i o n  u s in g  1 or 
5 cm matched q u a r tz  c e l l s .  Low te m p e ra tu re  s p e c t r a  were reco rded  
by p re p a r in g  th e  sample a s  d e s c r ib e d  by methods 1, 2 o r  3 above.
The sample so p rep a red  was th e n  mounted on a b r a s s  p l a t e  which was
dipped i n t o  an o p t i c a l  dewar c o n ta in in g  l i q u i d  n i t r o g e n .  Low 
te m p e ra tu re  g l a s s e s  were ru n  u s in g  a  q u a r tz  tube c o n ta in in g  th e  
sample m ix tu re  and immersing th e  tube  i n t o  an o p t i c a l  dewar f i l l e d  
w i th  l i q u i d  n i t r o g e n .
3 . M agnetic  S u s c e p t i b i l i t y  Data
M agnetic  s u s c e p t i b i l i t y  m easurements were o b ta in e d  u s in g  
a Gouy b a lan c e  w hich was c a l i b r a t e d  w i th  h y d ra te d  f e r r o u s  ammonium 
s u l f a t e  and m ercury  t e t r a t h i o c y a n a t o c o b a l t a t e ( I I ) . A l l  v a lu e s  were 
c o r r e c t e d  f o r  th e  d iam agnetism  of the  l ig a n d s  and m e ta l  io n .  Room 
te m p e ra tu re  m easurem ents on ly  were made.
C. RESULTS AND DISCUSSION
1 . V i s i b l e  and N e a r - I n f r a r e d  S p e c tra
The i n t e r p r e t a t i o n  o f  v i s i b l e  and n e a r - i n f r a r e d  s p e c t r a  
o f  th e  a c t i n i d e s  i n  g e n e r a l  and uranium (IV ) in  p a r t i c u l a r  i s  
e x t re m e ly  complex and t h e r e  i s  v e ry  l i t t l e  u n d e rs tan d in g  o f  the  
bands i n  t h i s  s p e c t r a l  r e g io n .  The d i f f i c u l t y  i s  due m ain ly  to  the  
m agnitude  o f  th e  f a c t o r s  w hich cause changes in  th e  e l e c t r o n i c  
a b s o r p t io n  s p e c t r a .  The t h r e e  most im p o r tan t  p e r tu r b a t io n s  of th e  
e l e c t r o n i c  f  l e v e l s  a r e  th e  Coulombic i n t e r a c t i o n s ,  th e  c r y s t a l l i n e  
f i e l d  p o t e n t i a l  and th e  s p i n - o r b i t  i n t e r a c t i o n .  These fo r c e s  a c t i n g  
w i t h i n  th e  m e ta l  io n  a r e  a l l  ro u g h ly  o f  the  same o rd e r  o f  m agnitude 
and must be c o n s id e re d  s im u l ta n e o u s ly  when perform ing  c a l c u l a t i o n s .
The l a r g e  number o f  a b s o r p t io n  bands o b ta in e d  (and t h e o r e t i c a l l y  
p r e d i c t e d )  a l s o  adds t o  th e  d i f f i c u l t y .  In  l a n th a n id e  e l e c t r o n i c  
a b s o r p t io n  s p e c t r a ,  e ach  group o f  l i n e s  g e n e r a l l y  co rre sp o n d s  t o  a 
f r e e  io n  J  l e v e l  and th e  l i n e s  w i th in  th e  l e v e l  a re  due to  c r y s t a l l i n e  
S ta r k  s p l i t t i n g .  In  th e  a c t i n i d e s ,  th e  case i s  com plica ted  because 
a group o f  l i n e s  u s u a l l y  co rre sp o n d s  t o  a s in g le  c r y s t a l l i n e  S ta rk  
l e v e l  w i th  th e  l i n e s  i n  th e  group b e in g  due to  superimposed
21 22 23v i b r a t i o n a l  t r a n s i t i o n s .  T h is  view i s  supported  by S a t t e n ,  e t  a l .  * *
21. R.A. S a t t e n ,  D. Young, and D.M. Gruen, Chem. P h y s . .
33 , 1140 (1 9 6 0 ) .
22. R.A. S a t t e n ,  C.L. S c h r e ib e r ,  and E.Y. Wong, .Jj. Chem.
P h y s . . 43 , 162 (1 9 6 5 ) .
23. D. Jo h n s to n ,  R.A. S a t t e n ,  and E. Wong, J;, Chem. Phys. .
44 ,  687 (1 9 6 6 ) .
23
24 25Conway and Jo rg e n se n  ho ld  d i f f e r e n t  v ie w s ,  however, concern ing
th e  i n t e r p r e t a t i o n  o f  U(IV) s p e c t r a .  Conway su p p o r ts  the  p o s i t i o n
t h a t  the  t e t r a v a l e n t  uranium  h a l i d e s  show no v ib r o n i c  t r a n s i t i o n s .
S a t te n  m a in ta in s  t h a t  th e  s p e c t r a  of Cs.UCjt.. i s  e n t i r e l y  v ib r o n ic
Z o
w i th  on ly  an o c c a s s io n a l  weak, pure  e l e c t r o n i c  t r a n s i t i o n .  In  th e  
a c t i n i d e s  a group of e l e c t r o n i c  l e v e l s  a re  no t n e c e s s a r i l y  from th e  
same s p l i t  J  l e v e l .  The two main re a so n s  f o r  t h i s  a re  t h a t  the  
c r y s t a l l i n e  p o t e n t i a l  i s  ab o u t two o rd e rs  o f  magnitude g r e a t e r  i n  
a c t i n i d e s  th a n  in  th e  l a n t h a n i d e s ,  and th e  s p i n - o r b i t  i n t e r a c t i o n  
p a ram ete r  in  5 f  s p e c ie s  v a r i e s  between 1600-2000 cm or abou t 
tw ice  t h a t  in  th e  l a n t h a n i d e s .
2-
I n  Cs2UCj&g and s i m i l a r  uranium (IV ) s a l t s ,  th e  UCj&g 
e n t i t y  c o n ta in s  the  uranium  io n  a t  a s i t e  o f  i n v e r s io n  symmetry.
When the  m o le c u le - io n  undergoes  a v i b r a t i o n  i n  an odd (ungerade) 
mode, t h i s  s i t e  o f  in v e r s io n  symmetry i s  d e s t ro y e d  (e x c ep t  when 
p a s s in g  th ro u g h  th e  e q u i l i b r iu m  p o s i t i o n ) ,  and e l e c t r i c  d ip o le  
t r a n s i t i o n s  become a l lo w e d .  T h e re fo re ,  th e  th r e e  ungerade modes 
of th e  o c ta h e d r a l  h e x a c h lo ro u ra n a te ( IV )  a n io n  shou ld  produce the  
s t r o n g e s t  v i b r o n i c  t r a n s i t i o n s .
The e f f e c t  o f  d e c r e a s in g  te m p e ra tu re  on th e  s p e c t r a  of 
a c t i n i d e  compounds i s  u s u a l l y  to  s h i f t  th e  bands to  s l i g h t l y  h ig h e r
24. J .  Conway, J .  Chem. P h y s . . 31 . 1002 (1959).
25. C.K. J o rg e n se n ,  K gl. Danske V idenskab . S e ls k a b s .  Mat, 
f y s .  Medd.. 29, No.7 (1 9 5 4 ) .
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e n e r g i e s .  Th is  may be e x p la in e d  by th e  d im in is h in g  s i z e  o f  the
l a t t i c e  s t r u c t u r e ,  th e re b y  cau s in g  an in c re a s e d  l ig a n d  f i e l d  around
th e  m e ta l  io n .  The ground s t a t e  e n e rg y  l e v e l s  d e c re a se  upon low ering
th e  tem p e ra tu re  and th e  e x c i t e d  l e v e l s  may e i t h e r  d e c re a se  or in c re a s e
depending  upon t h e i r  r e l a t i v e  p o s i t i o n  w i th  r e s p e c t  to  th e  ground
s t a t e  a t  room te m p e ra tu re .  I f  a t  some low te m p e ra tu re  an e x c i t e d
l e v e l  i s  lowered in  energy  more th a n  i s  th e  ground l e v e l ,  th en  the
t r a n s i t i o n  w i l l  s h i f t  t o  low er e n e rg y .  Most t r a n s i t i o n s ,  however,
a r e  s h i f t e d  in  th e  o p p o s i te  d i r e c t i o n .  O ther low tem p e ra tu re  e f f e c t s
w hich a re  im p o r tan t  a r e  th e  enhanced d e f i n i t i o n  o f  bands, in c lu d in g
r e s o l u t i o n  o f  bands n o t  o b se rv a b le  a t  room te m p e ra tu re ,  and th e  more
c e r t a i n  i d e n t i f i c a t i o n  o f  bands by t h e i r  i n t e n s i t y  changes.
2The e l e c t r o n i c  c o n f i g u r a t i o n  • o f  U(IV) i s  [Rn]5f . Th is
1 3  1 3c o n f ig u r a t io n  g iv e s  r i s e  t o  seven  s t a t e s ,  namely S, P, D, F ,
1 3  1G, H and I .  These l e v e l s  a r e  th e  r e s u l t  o f  e l e c t r o s t a t i c  r e p u l s io n s
i n  th e  uranium  io n .  The ground s t a t e  has  been de te rm ined  by H utchinson  
26 3and Candela to  be th e  l e v e l .  The o rd e r  o f  th e  l e v e l s ,  i n
3 3 1 1 1 3  1i n c r e a s in g  e n e rg y , i s  b e l i e v e  to  be H <  F <  G <  D <  I <  P <  S.
T h e re fo re ,  i f  l i g a t i o n a l  e f f e c t s  and s p i n - o r b i t  i n t e r a c t i o n s  were
n e g l i g i b l e  we would ex p ec t  o r  p r e d i c t  on ly  s i x  bands (two sp in -a l lo w ed
and fo u r  s p in - f o r b id d e n ) ,  a r i s i n g  from e l e c t r o n i c  t r a n s i t i o n s  between
th e  ground and th e  s i x  e x c i t e d  l e v e l s .  T h is  however, i s  n o t  th e  c a se ,
26. C. H u tch in so n , J r .  and G. C andela , Jj_ Chem. Phys. .
27, 707 (1957) .
s in c e  s p i n - o r b i t  and c r y s t a l  f i e l d  i n t e r a c t i o n s  a r e  no t n e g l i g i b l e .
I f  we n ex t c o n s id e r  s p i n - o r b i t  c o u p l i n g , . i t s  e f f e c t  i s  t o  s p l i t  the  
v a r io u s  term s i n t o  th e  i n d i v i d u a l  J  l e v e l s .  The J  l e v e l s  a s s o c ia te d  
w i th  th e  v a r io u s  f r e e - i o n  s t a t e s  p r e v io u s ly  m entioned a r e  a s  fo l lo w s :
We th u s  o b ta in  t h i r t e e n  p o s s i b l e  l e v e l s  c o n s id e r t i n g  b o th  s p i n - o r b i t
and Coulombic i n t e r a c t i o n s  in  c o n t r a s t  t o  seven  assuming on ly  c e n t r a l
f i e l d  f o r c e s .  We n ex t  concern  o u r s e lv e s  w i th  th e  t h i r d  im p o r tan t
i n t e r a c t i o n s ,  t h a t  due t o  th e  l ig a n d s  su r ro u n d in g  th e  io n .  Only th e
3 3two lo w e s t - ly in g  s t a t e s ,  H and F, w i l l  be c o n s id e re d .  We know t h a t
3 3 3 3th e  H l e v e l  w i l l  s p l i t  i n t o  H^, H^, and Hg due t o  th e  s p i n - c r b i t
3 3 3 3i n t e r a c t i o n .  L ikew ise , th e  F te rm  s p l i t s  i n t o  and F^.
Using th e  methods o f  group th e o ry  a s  d e sc r ib e d  in  Appendices I  and
I I ,  one i s  a b le  to  d e te rm in e  th e  l e v e l s  i n t o  w hich th e  d i f f e r e n t  J
s t a t e s  s p l i t  i n  a g iv en  c r y s t a l l i n e  f i e l d .  The r e l a t i v e  energy  of
th e  l e v e l s  so o b ta in e d ,  however, cannot be de te rm ined  in  t h i s  manner,
and one must r e s o r t  t o  d e t a i l e d  c a l c u l a t i o n s  u s in g  th e  a p p r o p r ia te
e ig e n f u n c t i o n s .  A t p r e s e n t  t h e r e  a r e  no r e a l l y  good w av efu n c tio n s
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a v a i l a b l e  f o r  d e t a i l e d  energy  c a l c u l a t i o n s  in v o lv in g  th e  heavy 
e le m e n ts .
The double  group c h a r a c t e r  t a b l e  f o r  was employed f o r  
th e  c a l c u l a t i o n s  (se e  Appendix I I I )  and would ap p ly  t o  such compounds 
a s  U (c h e l )^ ,  where th e  c h e l a t e  i s  a sym m etrica l  b i d e n t a t e ,  u n in e g a t iv e  
l i g a n d .  T h is  co rre sp o n d s  to  th e  symmetry o f  an Archimedes o r  square  
a n t ip r i s m .  (An Archimedes a n t ip r i s m  may be v i s u a l i z e d  a s  a r i s i n g  
from a cube in  w hich one face  has  been  r o t a t e d  45° w i th  r e s p e c t  to  
i t s  o p p o s i te  f a c e .  The uranium  io n  th e n  i s  l o c a t e d  a t  th e  c e n te r  o f  
th e  s t r u c t u r e ,  w i th  th e  l ig a n d  atoms s i t u a t e d  a t  th e  e i g h t  c o r n e r s ) .  
The r e s u l t i n g  l e v e l s  w i l l  be g iv e n  b o th  i n  M u ll ik en  symbols (A,B, 
e t c . )  and th e  o ld e r  Bethe n o t a t i o n  ( in d ex ed  T ^ 'a ) .  The r e s u l t s  a re  
a s  fo l lo w s :
or 
o r  
or
\  -  2r x + r 2 + r 3 + r4 + 2r5
3H4 -  2A' + k'2 + B ' + B^ + 2E1/
jh5 -  r r + 2r2 + r 3 + r4 + 3r5
JH5 -  A '  +  2 A ^ +  B^ + B '  + 3 E '
\  -* 2r x + r 2 + 2r3 + 2r4 + 3r 5
}H6 2A' + A^ + 2B' + 2B' + 3E*
f 4 -  2ri  + r 2 + r 3 + r4 + 2rs
3F4 -  2A' + A'2 + B^ + B '  + 2E '
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3E3 -  r2 + r3 + r4 + 2r5
o r  3F3 -  A '  + B ' + B '  + 2E1/
3r2 -  rj, + r3 + r4 + r5
or 3F2 -  A ' + B ' + B '  + E '
We t h e r e f o r e  a r r i v e  a t  a m u l t i tu d e  o f  p o s s ib l e  en e rg y  s t a t e s  and i t
becomes q u i t e  c l e a r  t h a t  a  complete i n t e r p r e t a t i o n  i s  v i r t u a l l y . .
im p o s s ib le .  In  a d d i t i o n ,  we have n o t  even  c o n s id e re d  th e  p o s s i b i l i t y
o f  superim posed v i b r a t i o n a l  t r a n s i t i o n s .  ( I n  F ig u r e  I ,  the  e f f e c t s
2
o f  th e  v a r io u s  i n t e r a c t i o n s  p o s s ib l e  in  a  5f system  a r e  d ia g ra m m a tic a l ly
i l l u s t r a t e d .  No in fo rm a t io n  i s  im plied  c o n c e rn in g  th e  r e l a t i v e
s p a c in g s  o f  th e  energy  l e v e l s ) .  In  s p e c ie s  su ch  as  U (c h e l )^ ,  the
v i b r a t i o n a l  modes a re  unknown and t h i s  adds  to  th e  co m p lex ity  of
2 -
th e  p rob lem . However, th e  UCj&g case  i s  somewhat s im p le r  because  the  
v i b r a t i o n a l  modes have been  d e te rm in ed . I n  Cs2UCj&g, S a t t e n  a r r i v e s  
a t  th e  fo l lo w in g  r e l a t i v e  e n e rg ie s  f o r  some J  s t a t e s  ( i n  i n c r e a s in g  
e n e r g y ) :
3 3 3 3 3 3 3 3 1  
\  <  3f 2 < 3h 5 < 3f 3 < \  <  X  <  3Po < J P1 <  XP6 .
At t h i s  t im e , no c a l c u l a t i o n s  have a p p ea red  in  th e  l i t e r a t u r e  
d e a l i n g  w i th  U(IV) e l e c t r o n i c  s p e c t r a  i n  sym m etries  o t h e r  th an  
o c t a h e d r a l .  M eaningful band a ss ig n m en ts  must t h e r e f o r e  be d e fe r r e d  
u n t i l  such  tim e a s  th e se  c a l c u l a t i o n s  become a v a i l a b l e .
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FIGURE I  
Energy l e v e l s  p o s s ib le  in  a 25f c o n f ig u r a t i o n
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O p t ic a l  s p e c t r a l  bands f o r  some U(IV) complexes appea r
i n  T ab les  I ,  I I  and I I I .  R ep roductions  o f  v a r io u s  s p e c t r a  a t  bo th
room and l i q u i d  n i t r o g e n  tem p e ra tu re  ap p ea r  i n  F ig u r e s  I I  th ro u g h
IX. Two s t ro n g  c h a r a c t e r i s t i c  bands w hich ap p ea r  i n  th e  s p e c t r a  o f
-1 -1a l l  U(IV) compounds a r e  c e n te re d  around 10 ,000 cm and 16,000 cm . 
The broad  a b s o r p t io n  around lOkK (lkK  e q u a ls  1000 cm *) g e n e r a l ly  
has  s e v e r a l  s h o u ld e r s  a t  room tem p e ra tu re  which become c l e a r ,  w e l l  
d e f in e d  bands a t  l i q u i d  n i t r o g e n  te m p e ra tu re .  The number o f  bands 
d i s c e r n i b l e  a t  low te m p e ra tu re  v a r i e s  from compound to  compound, 
u s u a l l y  r a n g in g  between f iv e  and e i g h t .  The s t r o n g  sh arp  a b s o r p t io n  
around  16kK u s u a l l y  shows one o r two e x tre m e ly  narrow  s p ik e s  i n  
a d d i t i o n  t o  a weaker sh o u ld e r  on th e  h ig h  e n e rg y  s i d e .  At 77°K 
th e s e  a b s o r p t io n  bands become sharp  s p ik e s  w i th  th e  s h o u ld e rs  
c l e a r l y  d e f in e d  as  a narrow medium i n t e n s i t y  peak . These bands 
a r e  c h a r a c t e r i s t i c  o f  th e  U(IV) io n  and may be used a s  a means of 
i d e n t i f i c a t i o n .  The p o s i t i o n  and g e n e r a l  ap p ea ran ce  of th e se  
bands a r e  n o t  a l t e r e d  g r e a t l y  by d i f f e r e n t  io n s  o r  atoms su rro u n d in g  
th e  m e ta l ,  be th ey  c h lo r id e ,  oxygen, n i t r o g e n  o r  p hosphorus . However, 
th e  a b s o r p t io n  s p e c t r a  o f  the  d i f f e r e n t  complexes v a r y  c o n s id e ra b ly  
i n  th e  number and p o s i t i o n  o f  weaker b a n d s .  T h is  i s  p ro b ab ly  due 
t o  v i b r o n i c  t r a n s i t i o n s  which would o f  co u rse  be o f  v a ry in g  e n e r g ie s  
depend ing  on th e  p a r t i c u l a r  l a t t i c e  s t r u c t u r e .  In  th e  r e g io n  between 
6 and 8 . 5kK th e r e  a p p ea rs  g e n e r a l l y  two v e r y  weak broad  bands which
TABLE I
OPTICAL SPECTRAL BANDS FOR SOME U(IV) COMPOUNDS. MAXIMA. IN WAVENUMBERS3
UCX4 *2Py UCJ&. * 4en 4 UCj&. • 4DMS0 4 UCJL • 4DMSO 1 4 UCj&4 * 3Ph2SO U C • 3Ph SO 4 2
300°K 77°K 300°K 77°K
6720 6720
6950 6870
9050
8630
8850
9210
8620
8800,8930
9210,9350
9520
8620
9170
9480
8560
8770,9130
9520
11380 10640,11490 10530,12500 10870,12990 9910,10910,
12020"
12130 12250,13100
13900
14860
15310
15620
15060
15550
15650
15340
15880
16400
12880,13730
13900
14820
15370
15650
16230,16620
16270,16950
18000 17860 17950,18180
18380
17870 17840
20650 20200 20620br 20450,20830 20200 20160,20240
20400
21550 2 l740sh 21550 21500 21800
22300 24200 23260sh 23260 22630 22350,22740
a) Compounds i n  f i r s t  two columns were ru n  i n  n u jo l  m u l ls ,  a l l  o th e r s  i n  KBr d i s c s .
TABLE I I
OPTICAL BANDS. 5000-22 .000 cm"1 . FOR SOME U(IV) COMPLEXES DISSOLVED IN DMSO AND DMF
U (koj) 4 U(Cjfc-koj) 4 UCj64 ( 2 - p y c ) 2
DMSO DMF DMSO DMF DMSO DMF
6990 7080 6990 6990 6670 6670
7250 7240 7240 7240 7250 7250
8930 8930 • 8980 8745 8770
9480 9480 9 2 6 0 v .b r . 9490 9145 9355
15,040 15,040 15,150 14,770 14,770
15,625 15,670 1 5 ,1 5 0 v .b r . 15,670 15,340 15,340
17,760 ----- 17 ,860 ----- 17,860 17,860
19,230 19,420 ----- ----- ----- 20,360
----- 21,090 ----- ----- ----- 21 ,010
i/
TABLE I I I
BAND MAXIMA IN cm"1 . FOUND FOR U (e n s a l )^  AND U C s a l^ 1* IN VARIOUS MEDIAC
DMSO ETOH THF DMF NM NB B• KBr,300°K KBr,77°K KBr,300°K KBr,77°K
6250 6060;6540 6250 6225 6030 5990 6160 — — — —
7300 7050 7250 7190 7140 7160 7160 7180 7180;7350 7140 7270;7400
8330 8310;8440 __ d 8260 8230 8230 8230 8200 8220 8070 7960;8090 
8280;8440
8570 8740 8950 9090 9040 8970 8970 8940 9170 8880 8850;8975 
9220
9650 9560 9560 9570 9570 9570 9570 9530 9560 9675 9625e
10220 9860 10200 10140 10120 10150 10120 10100 9805;10310 __d _d
11235 11020 11170 11150 11170 11140 11150 11160 11220 _d 10650;11130
11840 11600* 11720 11730 11750 11750 11760 11900 11700 11620 11600
12860 12500* 12800 12740 12720 12690 12790 12820 11970;12900 
13510;13790
12740 — d
15040 13510 14800 14800 14800 14790 14790 14710 14800 14920 15030;15220
15980 15710 15750 15750 15750 15680 15680 15630 15850 — g 16150e
17980 _ _d 17130 17800 17800 17800 17700 17240 17580 —g 17700
19680 -_d 18830 19420 19500 19450 19460 19610 __d —g 19450&
23810 __d __d 23260 23150 23260 22890 — d __d 28400 —
a) Data i n  th e  f i r s t  n in e  columns a re  f o r  t h i s  complex.
u>
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Table H I  (Continued')
b) Data in  th e  l a s t  two columns a r e  f o r  t h i s  complex.
c) A b b re v ia t io n s  used a r e :  DMSO = d im e th y l s u l f o x id e ; ETOH = e th a n o l ;  THF = t e t r a h y d r o f u r a n  
DMF = d im ethy lform am ide; NM = n i t ro m e th a n e ;  NB = n i t r o b e n z e n e ;  B = benzene
d) A b so rp t io n  i s  o c c u r r in g  i n  th e s e  r e g io n s ,  b u t  a c l e a r  peak i s  n o t  p r e s e n t .
e) Very s t ro n g  bands compared to  o th e r s  i n  th e  spec trum .
f )  Very weak bands compared to  o th e r s  i n  th e  spec trum .
g) Very broad  a b s o r p t io n  w i th  i l l - d e f i n e d  maxima.
h) A lso  peaks a t  20000; 20820; 21780; 22800; 23560; 24400; 25000; 26100; 26720.
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FIGURE I I
E l e c t r o n i c  a b s o r p t io n  spec trum  o f  U C e n s a l^  a t  300°K, in  benzene
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FIGURE I I I
E l e c t r o n i c  a b s o r p t io n  spec trum  of U(ensa
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FIGURE IV
E l e c t r o n i c  a b s o r p t io n  spec trum  o f UCjfc^*4DMS0 a t
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FIGURE V
Electronic absorption spectrum of UC^*4DMS0 at
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FIGURE VI
Electronic absorption spectrum of UCj^*3Ph2
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FIGURE VII
Electronic absorption spectrum of UC^»3Ph2
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FIGURE V II I
E l e c t r o n ic  a b s o r p t io n  spec trum  of U(dpm)^ a t  300°K, in  d i e t h y l  e th e r
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FIGURE IX
E l e c t r o n i c  a b s o r p t io n  spec trum  of U(dpm)^ a t  77°K, in  5 :5 :2  
m ix tu re  o f  i s o p e n ta n e ,  e th e r  and e th a n o l
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may o r  may n o t  s p l i t  a t  low te m p e ra tu re .  Between 10 and 16kK u s u a l l y  
one , two, o r  t h r e e  weak bands a r e  n o t i c e d ,  w hich y i e l d  s e v e r a l  
a d d i t i o n a l  peaks  when th e  s p e c t r a  a r e  o b ta in e d  a t  l i q u i d  n i t r o g e n  
t e m p e r a tu r e .  Beyond th e  c h a r a c t e r i s t i c  band around 16kK, in t e n s e  
a b s o r p t io n  o c c u r s ,  p resum ably  due to  charge  t r a n s f e r  t r a n s i t i o n s .  
S h o u ld e rs  and narrow  bands a r e  sometimes e v id e n t ,  depend ing  on th e  
n a tu r e  o f  the  a t t a c h e d  l ig a n d s  and e n e r g ie s  o f  the  charge  t r a n s f e r  
bands.
2. I n f r a r e d  S p e c tra
a ) I n t r o d u c t i o n
To th e  in o rg a n ic  c h e m is t ,  i n f r a r e d  s p e c t ro s c o p y  i s  an  
i n v a lu a b le  e x p e r im e n ta l  t o o l  in  th e  s tu d y  and c h a r a c t e r i z a t i o n  of 
new in o r g a n ic  compounds. T h is  i s  e s p e c i a l l y  t r u e  when d e a l i n g  w i th  
c o o r d in a t io n  complexes i n  w hich th e  l ig a n d s  a r e  n e a r l y  a lw ays of 
an  o r g a n ic  n a t u r e .  Such m o lecu les  e x h i b i t  many i n f r a r e d  bands in  
th e  r e a d i l y  a c c e s s i b l e  NaCjJ r e g io n .  Three p r im ary  u se s  o f i n f r a r e d  
d a ta  a r e :  (1) F o r  i d e n t i f i c a t i o n  o f  f u n c t i o n a l  g roups  (C=0, OH,
N ^ ,  e t c . )  ; (2) To o b se rv e  bonding  e f f e c t s  upon c o o r d in a t io n ,  f o r  
exam ple, th e  d e c re a se  i n  th e  c a rb o n y l  s t r e t c h i n g  f re q u e n c y  due to  
c o o r d in a t io n  w i th  a m e ta l  io n ;  and (3) To o b ta in  s t r u c t u r a l  in fo r m a t io n .  
S t i l l  o th e r  in f o r m a t io n ,  such  a s  th e  p re se n c e  o f  hydrogen bo n d in g , f o r  
exam ple, may be o b ta in e d  from i n f r a r e d  s p e c t r a .
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M olecu les  a r e  n o n - r ig id  b o d ie s  t h a t  a re  in  a c o n s ta n t  
v i b r a t i o n a l  m otion . These v i b r a t i o n s  have c e r t a i n  q u a n t iz e d  
f r e q u e n c i e s .  I f  e l e c t r o m a g n e t ic  r a d i a t i o n  o f  the  p ro p e r  f r e q u e n c y  
s t r i k e s  th e  m o lecu le ,  th e  en e rg y  o f  t h a t  r a d i a t i o n  i s  absorbed  and 
th e  am p li tu d e  of th e  v i b r a t i o n  i n c r e a s e s .  T h is  absorbed  en erg y  i s  
g e n e r a l l y  d i s s i p a t e d  in  th e  form o f  h e a t .  Energy o f  th e  i n c i d e n t  
r a d i a t i o n  w i l l  be absorbed  o n ly  when B o h r 's  f req u en cy  c o n d i t io n  
i s  s a t i s f i e d :
AE = hv
w here AE i s  th e  d i f f e r e n c e  i n  energy  between two q u a n t iz e d  s t a t e s ,  
h i s  P l a n c k 's  c o n s t a n t ,  and v i s  th e  f req u en cy  o f th e  r a d i a t i o n .
I f  AE = E7/ -  E 7, where E" i s  a q u a n t iz e d  s t a t e  o f  h ig h e r  en erg y  
th a n  E 7, th e  m olecu le  a b so rb s  r a d i a t i o n  when e x c i t e d  from E 7 to  
E;/ and e m its  r a d i a t i o n  o f  th e  same f req u en cy  when i t  r e v e r t s  from 
E" to  E 7. These t r a n s i t i o n s  a r e  i l l u s t r a t e d  in  F ig u re  X.
V i b r a t i o n a l  t r a n s i t i o n s  o ccu r  u s u a l l y  i n  th e  ground 
e l e c t r o n i c  s t a t e  and seldom e x h i b i t  r o t a t i o n a l  f in e  s t r u c t u r e  
(due to  th e  c lo s e n e s s  of th e  r o t a t i o n a l  l e v e l s ) .  There a r e  e x c e p t io n s  
and NH^, w hich e x h i b i t s  a r i c h  spec trum  of r o t a t i o n a l  f i n e  s t r u c t u r e  
i n  th e  gaseous s t a t e ,  i s  an  exam ple. (See r e f . 27, page 6 ) .
The o r d in a r y  i n f r a r e d  r e g io n  termed the NaCi o r  fu n d am en ta l 
r e g io n  ex ten d s  from 4000 to  667 cm ^ (2 .5  to  15 m ic ro n s ) ;  th e
27. K. Nakamoto, I n f r a r e d  S p ec tra  of In o r g a n ic  and 
C o o rd in a t io n  Compounds, John W iley and Sons, I n c . ,  New York, N .Y ., ( 1 9 6 3 ) .
FIGURE X
E nergy  l e v e l s  o f  a d ia to m ic  m olecule
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n e a r - i n f r a r e d  i s  t h e  r e g io n  between 12,500 and 4000 cm ^ ( 0 .8  to  
2 .5  m ic rons) and th e  f a r - i n f r a r e d  e x te n d s  from 600-50 cm ^ (15 to  
200 m ic r o n s ) .  S p e c t ra  o f  complexes have been v e ry  l i t t l e  s tu d ie d  
i n  th e s e  l a t t e r  two r e g io n s ,  a l th o u g h  th e re  i s  in c r e a s in g  i n v e s t i g a t i o n  
o f  th e  f a r - i n f r a r e d  re g io n  s in c e  m e ta l - l ig a n d  v i b r a t i o n a l  f r e q u e n c i e s  
a r e  found h e r e .
There  a r e  two fundam enta l ty p es  o f  v i b r a t i o n s  f o r  m o le c u le s :
A) S t r e t c h i n g  v i b r a t i o n s .  These occu r  when th e  d i s ta n c e  between two 
atoms d e c r e a s e s  o r  i n c r e a s e s ,  b u t  th e  atoms rem ain a lo n g  th e  same bond 
a x i s ;
B) Bending (d e fo rm a t io n )  v i b r a t i o n s .  In  t h i s  case th e  p o s i t i o n  of th e  
atom changes w i th  r e s p e c t  to  the  bond a x i s .
A n o n l in e a r  m olecule  h av ing  n atoms has 3n-6 p o s s ib l e  
fundam en ta l  v i b r a t i o n a l  modes t h a t  may absorb  in c id e n t  r a d i a t i o n .  
However, f o r  a v i b r a t i o n  to  be i n f r a r e d  a c t i v e ,  the  v i b r a t i o n  must 
cause  a change in  th e  d ip o le  moment o f  the  m olecu le . A sym m etrica l  
m olecu le  such  a s  Ng, f o r  example, would n o t  show an i n f r a r e d  band 
due to  th e  N-N s t r e t c h .
A d d i t io n a l  a b s o r p t io n  may a r i s e  due to  o v e r to n e s ,  com bina tion  
and d i f f e r e n c e  b a n d s .  O vertones  occu r  a t  i n t e g r a l  m u l t i p l e s  o f  some 
fu n d am en ta l  band, u s u a l l y  of much le s se n e d  i n t e n s i t y .  Com bination 
and d i f f e r e n c e  bands occur a t  an en erg y  which i s  the  sum o r  d i f f e r e n c e ,  
r e s p e c t i v e l y ,  o f  two o r more d i f f e r e n t  bands.
F ig u re  XI i l l u s t r a t e s  some of the  common s t r e t c h i n g  and
ben d in g  v i b r a t i o n s  t h a t  may occur in  a m o lecu le .
The fo l lo w in g  symbols w i l l  be employed to  d e s ig n a te  th e  
v a r io u s  v i b r a t i o n a l  modes: v = symmetric s t r e t c h i n g ,  v = asym m etric
S 3  S
s t r e t c h i n g ,  6 = in -p la n e  bending  (d e fo rm a t io n ) ,  p = i n - p l a n e  ro c k in g ,  
tt = o u t - o f - p l a n e  b en d in g . The energy  re q u i r e d  to  b r in g  ab o u t  the  
v a r io u s  v i b r a t i o n s  i s  g e n e r a l l y  in  th e  o rd e r  v >  6 >  tt.  And o f  c o u rse ,  
th e  s t r e t c h i n g  f r e q u e n c ie s  fo l lo w  th e  o rd e r  o f  bond s t r e n g t h s ,  t h a t  i s ,  
t r i p l e  bond > double  bond > s in g l e  bond.
D is c u s s io n  of th e  i n f r a r e d  d a ta  w i l l  be d iv id e d  i n t o  th re e  
s e c t i o n s ,  b ) n i t r o g e n -d o n o r  complexes, c) oxygen-donor complexes 
and , d) pho sp h o ru s-d o n o r complexes.
b) N itrogen -D onor Complexes o f  U(IV)
In  T a b le s  VI, V II and V I I I  a re  l i s t e d  th e  i n f r a r e d  bands 
p e r t i n e n t " t o  t h i s  s e c t i o n .  From Table  V II one may r e a d i l y  n o t i c e  
t h a t  the  m a jo r i t y  o f  th e  compounds l i s t e d  d i s p l a y  a t  l e a s t  one band 
in  th e  r e g io n  between 470-485 cm which i s  t e n t a t i v e l y  a s s ig n e d  
t o  the  U-N s t r e t c h i n g  f re q u e n c y .  T h is  d a ta  i n d i c a t e s  t h a t  the  U-N 
bond s t r e n g t h s  o f  th e s e  compounds a re  a l l  v e ry  s i m i l a r .  Th is  
c o n c lu s io n  i s  n o t  s u r p r i s i n g  however, s in c e  a s  a c l a s s ,  th e se  
compounds a re  v e ry  s i m i l a r .  T h e ir  s l i g h t  s o l u b i l i t i e s  i n  o rg a n ic  
s o lv e n t s  and i n s t a b i l i t y  tow ards m o is tu re  a re  b u t  two examples o f  
t h i s  s i m i l a r i t y .  Only two compounds f a l l  o u ts id e  t h i s  r a n g e ,  namely, 
UCA^*4ahp and U C e n s a l^ .  The compound U C e n s a l^  i s  e x tre m e ly  s t a b l e
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FIGURE XI
S t r e t c h i n g  and bending  v i b r a t i o n s  in  a t r i a t o m i c  m olecule
symmetric asymmetric
STRETCHING
scissoring rocking
IN -PLA N E BENDING
W° M,n9 twisting
OU T-OF-PLA NE BENDING
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TABLE IV
NITROGEN DONOR COMPLEXES OF URANIUM(IV)
Compound3 Color M e lt in g
P o in t
( °C )b
UC^4 *4en dark  g reen 75-85
UCj&4 *4pip g rey d205
UCj&4 . 2py g rey <300
UC^4 * (2 -p y c ) 2 g reen d80-84
2UCj&4 * 3(dpk) t a n -g re y d l8 3
UCje4 *4(ahp) y e l lo w -g reen d83
UCj&4 * 2 ( a n i l ) ta n -----
UCX4 *2(pen) g rey -----
a) See L i s t  o f  A b b re v ia t io n s  a t  beg inn ing  o f  t e x t .
b) d = decomposes.
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to w ard s  d eco m p o s it io n  o r  a i r  o x id a t io n ,  b o th  i n  the  s o l i d  s t a t e  
and i n  s o l u t i o n .  The g r e a t e r  U-N bond s t r e n g t h  ( u ^  = 500 cm *) 
i s  c e r t a i n l y  one f a c t o r  expec ted  t o  in f lu e n c e  t h i s  s t a b i l i t y .  The 
v a lu e s  l i s t e d  i n  T ab le  V II may be compared to  445, 430 cm 1 f o r
UCj&4 - 8NH3 ; 500, 490 cm" 1 f o r  UCj&4 «4NH3 ; 520 cm" 1 f o r  UCj&4 .2NH3 ;
—1 oq 99
and 535, 490 cm f o r  UCj&^NH;,. A lso , Powell and Sheppard and
30 -1Mizushima a s s ig n e d  bands n e a r  500 cm in  P t ( I I )  and P d ( I I )  ammine
31complexes to  the  m eta l-N  s t r e t c h i n g  modes. B e r t i n  _et a l .  found
2+ - 1th e  H g (I I ) -N  s t r e t c h i n g  bands in  th e  [HgCNEj^] io n  n ea r  500 cm .
The l ig a n d  2 -a m in o -3 -h y d ro x y p y r id in e (a h p ) , shown below, 
p r e s e n t s  an i n t e r e s t i n g  case  w ith  reg a rd  to  i t s  c o o r d in a t in g  a b i l i t y .  
There  a r e  fo u r  p o s s ib le  means by w hich i t  may c o o rd in a te  t o  a m eta l  
io n :  1 ) bonding v i a  th e  r i n g  n i t r o g e n ,  2) c o o r d in a t in g  v i a  the
amino n i t r o g e n ,  3) c h e l a t i n g ,  form ing a four-membered r i n g ,  o r
4) c h e l a t i n g ,  form ing a five-membered r in g .
( i ) & m
28. J . S e l b i n ,  M. Schober and J .D . O rteg o , J .  I n o r g .  N ucl. 
Chem., 28, 1385 (1966) .
29. D.B. Pow ell and N. Sheppard, Chem. S o c . . 1956. .3108.
30. S. Mizushima, I .  Nakagawa, M .J. Schmetz, C. Curran  and 
J .V .  Q u ag lian o , Spec troch im . A c ta . 13. 31 (1 9 5 8 ) .
31. E .P .  B e r t i n ,  I .  Nakagawa, S. M izashima, T . J .  Lane and 
J .V .  Q u ag lian o , J .  Am. Chem. S o c . . 80. 525 (1 9 5 8 ) .
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The t h i r d  p o s s i b i l i t y  i s  no t v e ry  p ro b a b le ,  however, s in c e  th e  
s t r a i n  inv o lv ed  in  a 4-membered r i n g  would seem to  be p r o h i b i t i v e .
I f  case  (1) p r e v a i l s  we should  ex p ec t  a d e c r e a s e  i n  th e  C=N s t r e t c h i n g  
f req u e n cy  and p o s s ib ly  a s l i g h t  d e c re a s e  i n  th e  C=C s t r e t c h i n g  
f re q u e n c y ,  due to  e l e c t r o n  d e l o c a l i z a t i o n  from the  r i n g  n i t r o g e n  
i n t o  uranium  o r b i t a l s .  The N-H s t r e t c h i n g  f r e q u e n c ie s  should  no t 
be g r e a t l y  a f f e c t e d .  I f  case  (2) p r e v a i l s  t h e r e  should  be l i t t l e  
e f f e c t  on th e  C=C and C=N f r e q u e n c i e s .  However, the  C-N and N-H 
s t r e t c h i n g  f r e q u e n c ie s  should  be c o n s id e r a b ly  a f f e c t e d .  I f  case  (4) 
i s  th e  c o r r e c t  mode o f  bonding , a d e c re a s e  in  b o th  the  N-H and 0-H
s t r e t c h i n g  f r e q u e n c ie s  would be a n t i c i p a t e d .  From the  i n f r a r e d
d a ta  (se e  T ab le  V II I )  we a r r i v e  a t  th e  fo l lo w in g  ass ignm ent of 
p e r t i n e n t  bands: v (NH) s h i f t s  to  a low er f req u e n cy  i n  th e  complex,
3  S
from 3340 to  3300 cm \  v (NH) a l s o  s h i f t s  to  a lower f req u e n cy ,s
- 1  -1  from 3200 t o  3150 cm . The C=N band i s  unchanged a t  1550 cm ,
w h i le  6 (N-H) i s  lowered from 1580 to  1560 cm ■*". A lso ,  the  N ^
ro c k in g  mode re g io n  shows th r e e  bands in  th e  l ig a n d ,  a t  887, 906
and 920 cm \  w h ile  on ly  two bands a re  observed  in  th e  complex,
887 and 905 cm ■*■. In  a d d i t i o n ,  d e c r e a s e s  50 cm \  from 3450
to  3400 cm *■. From t h i s  d a ta  i t  i s  concluded  t h a t  i t  i s  th e  amino
n i t r o g e n  which i s  c o o rd in a te d  most s t r o n g l y  to  the  uranium  io n ,  w i th
c a s e s  (2) and (4) be in g  most p ro b a b le .  From th e  s to ic h io m e t r y  o f
th e  compound (UCj&^*4ahp) one may have a l r e a d y  su sp e c te d  t h i s ,  s in c e
th e  l ig a n d  p y r id in e  r e a c t s  w i th  U C j t o  form o n ly  th e  1 :2  a d d u c t ,
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w hereas  p r im ary  amine groups form a d d u c ts  w i th  4 o r  more amine 
g ro u p s .
A nother i n t e r e s t i n g  l ig a n d  i s  d i - 2 - p y r i d y l  k e to n e  (d p k ) , 
shown below.
T h is  compound may p o s s ib ly  a c t  as  a t e r d e n t a t e  l ig a n d  by c o o rd in a t in g  
th ro u g h  th e  two p y r id in e  n i t r o g e n s  and th e  oxygen atom. However, the  
i n f r a r e d  d a ta  (See Table V I I I )  i n d i c a t e s  v i r t u a l l y  no s h i f t  i n  the  
C=0 s t r e t c h i n g  freq u en cy  upon c o o r d in a t io n .  A lso ,  th e  C=C and C=N 
s t r e t c h i n g  f r e q u e n c ie s  a re  c o n s id e ra b ly  a f f e c t e d ,  d e c r e a s in g  in  bo th  
c a s e s  from the f r e e  l ig a n d  to  the  complexed l ig a n d .  From t h i s  d a ta ,  
i t  a p p ea rs  t h a t  the  n i t r o g e n  atoms a re  engaged in  bonding to  the  
U(IV) io n .  From th e  unusual s to ic h io m e t r y  o f  the  complex, however, 
(2UG,C^*3dpk) i t  i s  d i f f i c u l t  to  say  a n y th in g  abou t i t s  s t r u c t u r e  
w i th o u t  f u r t h e r  s tu d y .
c) Oxygen-Donor Complexes
I n f r a r e d  d a ta  on th e  complexes o f  k o j i c *  and c h lo r o k o j ic
* k o j i c  a c id  i s  [ 5 -h y d r o x y -2 - (h y d r o x y m e th y l ) - l ,4 -p y r o n e ] ,
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TABLE V
OXYGEN DONOR COMPLEXES OF URANIUM(IV)
Compound'*' C o lo r 2M elt in g  P o in t  
(°C)
U ( s a l ) 4 t a n <3303
U (e n sa l ) 2 brown <300
U (ko j ) 4 g reen d260
u(Cje-koj) 4 t a n d223
U(dpm) 4 brown (4)
UCj&4 ( d i a r s o 2 ) 2 l i g h t  g reen d203
UCj£.*4DMS04 g re e n 175-178
UCje4 * 3Ph2S0 g re e n 1 2 2
UCje4 *4(chd) red-brow n (5)
1) See L i s t  o f  A b b re v ia t io n s  a t  b eg in n in g  o f t e x t .
2 ) d = decomposes.
3) da rkens  s lo w ly  above 200°C.
4) d a rk en s  s low ly  above 135° and becomes d a rk  o i l  ~230°C.
5) decomposes upon s ta n d in g  in  c lo sed  v i a l .
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a c i d *  w i t h  U(IV) a r e  found in  T ab le s  IX and X. K o jic  a c id  f u n c t io n s  
a s  a u n in e g a t iv e ,  b i d e n t a t e ,  c h e l a t i n g  l ig a n d  when th e  a c i d i c  p ro to n  
o f  th e  r i n g  hyd roxy l group i s  l o s t  in  r e a c t i o n .
HOHo
K o j ic  Acid C h lo ro k o j ic  Acid
I n f r a r e d  band a ss ig n m en ts  of the  k o j i c  a c id  complexes of
C u ( I I ) ,  Zn, N i ( I I )  and C o (I I )  have r e c e n t l y  been made by Murakami 
32and Mera . The C=0 s t r e t c h i n g  f req u en cy  in  k o j i c  a c id  o c cu rs  a t  
1668 cm and s h i f t s  t o  1634 cm ^ in  a l l  o f  the  fo u r  d i v a l e n t  io n  
com plexes , b u t  to  a v a lu e  o f  1617 cm * in  the  U(IV) complex. The
C=C s t r e t c h i n g  f req u e n cy  in  k o j i c  a c id  g iv e s  r i s e  to  bands a t
1636, 1620 and 1589 cm \  and th e s e  s h i f t  to  about 1575 and 1540 cm  ^
i n  the  d i v a l e n t  m e ta l  k o j a t e s ,  b u t  t o  1568, 1515 and 1510 cm  ^ in  
th e  U(IV) k o j a t e .  The c o rre sp o n d in g  s h i f t s  from f r e e  c h lo r o k o j i c  
a c id  to  th e  U(IV) c h lo r o k o ja te  complex a r e :  C=0, 1660 to  1604 cm \
and C=C, 1625, 1594 cm * to  1570, 1515, 1500 cm \  r e s p e c t i v e l y .
The d e c r e a s e  i n  th e s e  f r e q u e n c ie s  i n d i c a t e s  e l e c t r o n  d e l o c a l i z a t i o n  
i n t o  th e  uranium  o r b i t a l s ,  by which c o v a le n t  bonds a r e  formed.
* c h lo r o k o j i c  a c id  i s  [5 -h y d ro x y -2 - ( c h lo r o m e th y l ) - 1 ,4 -
p y ro n e ] .
32 .Y. Murakami and K. Mera, B u l l .  Chem. Soc. J a p a n . 3 9 .
396 (1 9 6 6 ) .  [See a l s o :  H. Kido, W.C. F e r n e l iu s  and C.G. Haas, J r . ,
A n a l ,  chim. A c ta . 23. 116 ( I 9 6 0 ) ] .
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From th e  above f req u e n cy  t r e n d s ,  uranium  ap p ea rs  to  be more s t r o n g l y  
c o v a le n t ly  bound t o  the  l ig a n d s  th a n  the  d iv a l e n t  m e ta l  io n s  o f  Cu, 
Zn, Ni and Co. T h i s ,  o f  c o u rs e ,  i s  ex p ec ted .
I n  th e  2 -p y r id in e c a rb o x a ld e h y d e  complex, (2 -pyc)
the  C=0 bands a re  found a t  1632 and 1612 cm \  s h i f t e d  downward from
1728 and 1680 cm * found in  th e  f r e e  l ig a n d .  The C=C bands a r e  a t
1570 and 1535 cm \  a l s o  s h i f t e d  downward from 1623, 1600 and
1583 cm found in  th e  f r e e  l ig a n d .
I t  i s  i n t e r e s t i n g  to  observe  th e  d e c re a se  i n  the  C=0 
s t r e t c h i n g  f r e q u e n c y  in  th e  s e r i e s  o f  t ro p o lo n e  (T = C^H^Op 
com plexes:
HT LiT ThT,
V(C=0)’ cm
- 1 1613 >  1602 > 1599
- 1
UT.4
1598
The a l r e a d y  r a t h e r  low v a lu e  o f 1613 cm f o r  the  C=0 s t r e t c h i n g  
f req u en cy  in  th e  f r e e  tro p o lo n e  su g g e s ts  t h a t  perhaps H-bonding 
e f f e c t i v e l y  d e l o c a l i z e s  T t-e lec tron  d e n s i t y  i n  the  C-0 bond. Then, 
s u b s t i t u t i o n  o f  th e  hydrogen atom by the  heavy m etal atoms d e c r e a s e s  
the  C=0 s t r e t c h i n g  freq u en cy  f u r t h e r ,  i n d i c a t i n g  t h a t  th e r e  i s  
in c re a s e d  invo lvem ent o f  the  oxygen atoms in  c o v a le n t  bonding to  
th e  m eta l  a tom s.
H
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I n  th e  s u l f o x id e  com plexes, UCj&^-4DMS0 and UCA^*SPh^SO, 
t h e r e  i s  a c o n s id e ra b le  d e c re a se  in  the  S=0 s t r e t c h i n g  f req u e n cy
33in  go ing  from th e  f r e e  l ig a n d  to  th e  complex. S e lb in  and co -w orkers
have r e p o r te d  the  s h i f t s  o f  th e  S=0 s t r e t c h i n g  f req u e n cy  upon
c o o r d in a t io n  to  v a r io u s  m e t a l l i c  s a l t s .  Since b o th  th e  s u l f u r  and
oxygen atoms have a p a i r  o f  e l e c t r o n s  a v a i l a b l e  f o r  c o o r d in a t io n ,
i t  rem ains  t o  d e te rm in e  which o f  th e  donor atoms i s  c o o rd in a te d
to  the  m e ta l .  The bond o rd e r  o f  the  S-0 bond has been shown by 
34M o f f i t t  , u s in g  a m o le c u la r  o r b i t a l  t r e a tm e n t ,  t o  be betw een one
35and two f o r  s u l f o x i d e s .  C o tton  and F ra n c is  have p i c tu r e d  the  
S-0  bond to  in v o lv e  a sigma S-O bond w i th  "back bonding"  from th e  
oxygen to  s u l f u r .  In  t h i s  case  th e
"B ack -d o n a tio n "  in  s u l f o x id e s  
due t o  ptr -• dir bond ing .
f i l l e d  oxygen prr o r b i t a l s  o v e r la p  w i th  the  empty drr s u l f u r  o r b i t a l s .
33. J .  S e lb in ,  W.E. B u ll  and L.H. Holmes, J r . ,  J .  In o rg .  
N uc l.  Chem.. 16, 219 (1961) .
34. A.W. M o f f i t t ,  P roc . Royal Soc. (London), A200. 409
(1 9 5 0 ) .
35. F.A . C o tton  and R. F r a n c i s ,  JL_ Am. Chem. S o c . . 82. 
2986 (1 9 6 0 ) .
ad zp
W ith t h i s  p i c t u r e  in  mind, what e f f e c t  would c o o r d in a t io n
o f  oxygen to  a p o s i t i v e  m e ta l  ion  have on th e  S=0 s t r e t c h i n g  f req u e n cy
Any d r a i n  o f charge  away from oxygen i n to  m e ta l  o r b i t a l s  would
d e c re a se  the  "back-bond ing"  in  th e  S-0 bond, th e re b y  lo w erin g  the
bond o r d e r  and th e  s t r e t c h i n g  f req u e n cy .  C o n v erse ly ,  c o o r d in a t io n
v i a  th e  s u l f u r  atom would d r a i n  charge from the  s u l f u r  o r b i t a l s ,
a l lo w in g  in c re a s e d  p a r t i c i p a t i o n  o f  oxygen in  " b a c k -d o n a t io n " ,
th e re b y  in c r e a s in g  th e  S-0 bond o rd e r  and s t r e t c h i n g  f req u e n cy .
33Only two examples have been r e p o r te d  in  which the  S=0 s t r e t c h i n g  
f re q u e n c y  in c r e a s e s  on c o o r d in a t io n ,  i n d i c a t i n g  m e t a l - s u l f u r  bonding . 
These a r e  complexes o f  P d ( I I )  and P t ( I I ) ,  which a re  known t o  form 
some o f  t h e i r  most s t a b l e  compounds w i th  s u l f u r - d o n o r  l i g a n d s .
A l l  o th e r  r e p o r te d  DMSO complexes w i th  m eta l  io n s  show a d e c re a se  
in  th e  S=0 s t r e t c h i n g  f req u en cy  of abou t 50-60 cm ■*■.
In  th e  UC^*4DMSO compound, th e  S=0 freq u en cy  s h i f t s  from 
1053 cm in  th e  f r e e  l ig a n d  to  935 cm  ^ in  the  complex. In  the  
phenyl s u l f o x id e  compound, SPh^SO, the  s h i f t  i s  from 1090 cm ^
in  th e  f r e e  l ig a n d  to  980 cm  ^ in  th e  complex. These f req u en cy  
changes o f  over 100  cm  ^ i n d i c a t e  c o n s id e ra b le  involvem ent o f  the  
oxygen l o n e - p a i r  e l e c t r o n s  i n  c o v a le n t  bonding to  th e  uranium 
io n .
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TABLE vx::
INFRARED SPECTRAL BANDS OF SOME U(IV) NITROGEN-DONOR 
COMPLEXES AND LIGANDS IN NUJOL MULLS3 ’b (VALUES IN cm"1)
UCj&, • 2py 3070, 2925, 1635, 1603, 1527, 1480, 1465, 1323, 1232,
1193, 1045, 915, 745, 742, 673, 635, 608, 495, 482,
390, 280.
UCj&a*4 p ip  3400, 2900, 2800, 2740, 2640, 2530, 2440, 1600, 1462,
* 1380, 1317, 1276, 1162, 1080, 1057, 1034, 948, 943,
900, 862, 805, 723, 560, 470-500 , 442, 405* 300.
UCj&,.4en 3450, 3260, 2960, 2895, 2725, 2680, 2540, 2450, 1630,
4  1600, 1550, 1450, 1375, 1348, 1030, 990, 960, 715,
540-550, 510, 475, 370, 325.
UCA,*2pyc 2875s, 2600s, b r ,  2360sh, 2075w, 1632sh, 1612s, 1570sh,
1535s, 1464s, 1378s, 1336w, 1289m, 1238m, 1198m,
1160m, 1044s, 1010m, 940w, 907s, 763sh , 750s , 723sh, 
703w, 676s, 625m, 608m, 530m, 480m, 460m, 460m, 270m.
U (e n sa l)  1625s, 1600s, 1550s, 1470s, 1447s, 1395m, 1377m, 1340m,
1 1325m, 1300s, 1260w, 1240w, 1200m, 1148s, 1122m, 1090w,
1042m, 1033m, 983w, 944m, 908s, 882w ,  854m, 798m, 788w, 
753s, 740s, 600s, 580m, 500m, 456m, 378s, 325w, 256m.
dpk 1960w, 1890w, 1695sh, 1683s, 1655sh, 1618m, 1587s,
1570s, 1466s, 1440sh, 1430s, 1379m, 1315s, 1280s,
1254w, 1234s, 1220sh, 1178w, 1150s, 1098m, 1090m,
1047m, 993s, 972w, 950s, 943s, 924m, 889w, 828m,
785s, 754sh, 742s, 703s, 696s, 660s, 625s, 585w,
415m, 375m, 305w.
2UCA,• 3dpk 1690s, 1640sh, 1610s, 1589s, 1520s, 1460s, 1445s,
1380s, 1341w, 1330s, 1308m, 1273s, 1255s, 1229s,
1162s, 1148sh, 1126w, 1108w, 1093s, 1065w, 1043m,
1014s, 957w, 933m, 915s, 826m, 821m, 768w, 747s, 737sh, 
737w, 664s, 658m, 625s, 575w, 475m, 420m, 375w, 335m, 
288s.
UO (dpk) *3H 0 3500m, 3100m, 1700s, 1660w, 1620s, 1610m, 1588s, 1522s, 
1460s, 1445s, 1379m, 1351s, 1332s, 1310m, 1300m, 1275s, 
1260m, 1230s, 1162s, 1143sh, 1125w, 1095s, 1050w, 1043m, 
1017s, 974m, 933w, 926m, 916s, 827m, 782w, 750s, 740m, 
728m, 6 6 6 s ,  662s,
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Table VI. (continued)
ahp 3450s, 3340s, 3200s, 3050s, 2930s, 2500br, 1650s,
1612m, 1580s, 1550sh, 1465s, I4 4 0 sh ,  1380s, 1299s, 
1278s, 1202s, 1130m, 1027m, 920m, 906m, 887m, 785m, 
780m, 772m, 746s, 610s, 591sh, 558s , 505w, 394m, 372m, 
305m.
UCjL*4ahp 3400sh, 3300s, 3150s, 2930s, 1652s, 1625m, 1560sh,
* 1550s, 1461s, 1430m, 1380m, 1348w, 1305sh, 1292s,
1208m, 1124m, 1058m, 905s, 887m, 803m, 782m, 770m, 
743m, 625m, 610s, 582s, 515m, 380m, 305m, ~245m.
e n s a l  1635vs, 1615s, 1580s, 1527m, 1500vs, 1464s, 1374s,
1340w, 1320w, 1293m, 1282s, 1248m, 1220m, 1200s, 
1150vs, 1116w, 1105m, 1043s, 1020s, 982s , 972s, 936m, 
898m, 860s, 853s, 774s, 755vs, 749vs , 743vs , 647s, 
562m, 558m, 485m, 472m, 432m, 380m, 365w, 320s, 283w.
2-pyc 3440m, 3080m, 3040m, 2950w, 2845s, 2740w, 1728s,
1680m, 1623, 1600s, 1585m, 1485m, 1452s, 1380s,
1311s, 1273m, 1225s, 1162m, 1100m, 1053s, 1005s,
913w, 842s, 776s, 672s, 626s, 461m, 418s .
a) A b b re v ia t io n s  used in  the  t a b l e  in c lu d e  v s= v ery  h ig h  i n t e n s i t y  
band, s= s tro n g  i n t e n s i t y  band, m=medium i n t e n s i t y  band , w=weak 
band .
b) See L i s t  o f  A b b re v ia t io n s  a t  b e g in n in g  o f  t e x t .
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TABLE V II
URANIUM-NITROGEN AND URANIUM-CHLORINE 
STRETCHING FREQUENCIES3
Compound** v(U-N) (cm- 1 ) v(U-CA)
UCjfc4 . 2py 495 ,482 280
UCj&4 *4pip 500,470 300
UC44 *4en 475 255
UCjfc4 ( 2 - Py c ) 2 530,480 270
2UCj&4 »3dpk 475 288
UCj&4 *4ahp 515 ~245
U (e n s a l ) 2 500 -----
a) S p e c tra  were o b ta ined  u s in g  n u jo l  m u lls  betw een C sl p l a t e s .
b) See L i s t  of A b b re v ia t io n s  a t  b e g in n in g  o f t e x t .
TABLE VIII
SELECTED INFRARED BANDS OF SOME NITROGEN-DONOR LIGANDS AND THEIR U(IV) COMPLEXES
Compound Assignm ent
U Censal)^ e n s a l UCj&4 *4ahp ahp 2UCj&4 *3dpk dpk
3400m 3450m V(0-H)
3300s 3340s vas  (N-H)
3150s 3200s
1699s 1695sh
vs (N-H) 
V(C=0)
1625s 1635vs 1652s 1650s 1640sh 1683s
1600s 1615s 1625m 1612m 1610s
1589s
1618m
1587s
V(C=C)
1550s 1527 s 1550s
1560sh
905s
878m
1550sh
1580s
920m
906m
887m
1520s 1570s V(C=N)
6 (N-H)
p (nh2)
a) A b b re v ia t io n s  used in c lu d e :  v s= v ery  s t ro n g  band, s = s t ro n g  band, m=medium band, sh = sh o u ld e r .
b) See L i s t  o f  A b b re v ia t io n s  a t  b eg in n in g  o f t e x t .
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K o j ic  Acid
U (ko j ) 4  
C l -K o j ic  Acid
U(Cj&-koj) 4
MCI, »4DMS0 4
UCj&,.3Ph„S0 4 2
U ( s a l ) 4
Hdpm
TABLE IX
INFRARED BANDS OF OXYGEN-DONOR LIGANDS 
AND THEIR U(IV) COMPLEXES3
3260sh, 3190s, 2930s, 2880s, 1710w, 1668s, 1636s, 
1620s, 1589s, 1465s, I4 4 5 sh ,  1395s, 1380sh, 1351s, 
1282s, 1240s, 1227s, 1186m, 1143s, 1075s, 990m,
943s, 864s, 850w, 7 7 7 s ,  b r ,  766s , b r ,  610m, 583m,
557s, 401s , 365s, 294m.
3120br, 3090m, 2940s, 2860s, 1617s, 1568s, 1520sh, 
1510s, 1465ss 1385m, 1340w, 1277s, 1250s, 1230s,
1204s, 1185s, 1155s, 1088s, 1048m, 990m, 948s,
920m, 867m, 830w, 797m, 775w, 758m.
3 2 5 0 s ,b r ,  3090s, 2940s, 2870s, 1700sh, 1660s,
1625s, 1594s, 1455s, 1429s, 1429m, 1378s, 1285m,
1227s, 1212s, 1188m, 1162s, 1156sh, 1130s, 1115s,
954s, 903s , 884s, 851s, 790s , 767s, 758s, 742s,
630s, 600m, 530m, 465w, 428w, 380s, 330s, 290m.
2945s, 2860s, 1604s, 1570s, 1515s, 1500s, 1461s,
1425m, 1380m, 1304s, 1290s, 1274s, 1230s, 1210s,
1200s, 1178m, 1163m, 1143m, 951s, 940s, 911m,
887m, 870s, 862sh, 814m, 804m, 792m, 763m, 745m, 737m, 
630m, 610s, 540s, 490m, 430s, 395m, 365m, 325w,
275m.
2925, 1460, 1430, 1405, 1310, 1024, 980, 935,
715, 625, 440, 420, 350, 310, 265.
1583, 1308, 1170, 1087, 1070, 1020, 1005, 980,
970, 758, 745, 740, 696, 687, 550, 495, 490, 470,
445.
1630, 1562, 1539, 1470, 1449, 1415, 1405, 1380,
1309, 1245, 1210, 1183, 1156, 1142, 1122, 1025,
943, 899, 867, 780, 761, 732, 657.
2975s, 2900sh, 1 6 1 0 s ,b r ,  1483s, 1465s, 1430sh,
1396w, 1365s, 1290m, 1254m, 1220m, 1133s, 1022w,br, 
965w ,br, 932w, 873s, 797m, 755m, 741m, 592m,
555m, 490s, 375m.
62
T able  IX (C ontinued) 
U(dpm) 4
d i a r s
UCA4 ( d i a r s 0 2 ) 2
2940s, 1600s, 1 5 7 5 s ,b r ,  1555s, 1503s, 1460s, 
1400s, 1380s, 1356s, 1287m, 1244m, 1224s, 1173m, 
1140s, 1023m, 965s , 933m, 869s, 819w, 794s, 762s, 
735s, 605s, 570w, 4 85s , 420m, 400sh.
3060m, 2930s, 2860s, 1582m, 1471m, 1460m, 1432s,
1377m, 1320w, 1300w, 1268w, 1182w, 1152w, 1135m,
1075m, 1064m, 1055m, 1024m, 998m, 962w, 905w,
851w, 738s , 728sh , 705m, 692s, 678m.
3060sh, 2940s, 2880s, 1588w, 1465s, 1445s, 1380s, 
1305w, 1183w, 1157w, 1086m, 1067w, 1025m, 997m, 
920w, 851s, 832s, 756m, 740sh , 737s , 715s, 698sh, 
694s, 6 6 8 s .
TABLE X:
SELECTED INFRARED BANDS OF SOME OXYGEN-DONOR LIGANDS AND THEIR U(IV) COMPLEXES3
Compound Assignment
K o j ic  Acid U (ko j ) 4 C X -kojic  a c id U(Cj&-koj) 4 2 -pyc UCA4 - ( 2 -p y c ) 2
3260sh 3170m,br 3 2 5 0 s ,b r _ «• _ « •  » «• _ — — »
3190m,br 3090 3090sh ------- ------- ____ V(0-H)
1710w 1700sh 1728s 1632sh
1668 1617s 1660s 1604s 1680s 1612s V<C=°>
1636s 1568s 1570s 1623w
1620s 1515s 1625s 1515s 1600s 1570sh : v (c=c)
1589s 1510s 1594s 1500s 1585m 1535s
a) See L i s t  o f  A b b re v ia t io n s  a t  b eg in n in g  o f  t e x t .
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d) Phosphorus-D onor Complexes
Uranium complexes c o n ta in in g  phosphorus donor l ig a n d s  such
36  37a s  (E t^ P ^ U C j^  , UCj&^^Ph^P'CgH^ 0  (c y c lo h e x a n o l)  and UCA4 *L
38(L = te t ra -p -m e th y le th y le n e - d ip h o s p h in e )  have been r e p o r t e d .  These
39 40fo r m u la t io n s  have s in c e  been shown * to  be i n c o r r e c t  in  a l l
c a s e s .  The p ro d u c ts  were dem onstra ted  to  be phosphonium s a l t s  of
U(IV) o r  U(VI) [(R 3PH)2UCj&6, (R-jPH) 2U02CA4 ] o r  phosph ine  ox ide
a d d i t i o n  compounds (U02Cj&2* 2Ph,jP0) .
39Gans and Smith s tu d ie d  the  b e h a v io r  o f  UCA, toward4
p hosph ines  in  a l c o h o l i c  s o lu t io n s  and a r r i v e d  a t  th e  fo l lo w in g .
I f  an  e t h a n o l i c  s o lu t i o n  of UCA  ^ i s  added to  a s o l u t i o n  o f  R^P
in  e th a n o l ,  th e  r e a c t i o n  i s
UCA, + nEtOH + nR,P -* UCA, (OEt) + nR0PHCA,4 3 4-n  ' n  3 *
in  w hich a l l  p ro d u c ts  a re  s o lu b le  in  e th a n o l  and rem ain  in  s o l u t i o n .
I f  th e  r e v e r s e  p rocedure  i s  fo l lo w e d ,  t h a t  i s ,  a d d i t i o n  o f th e
t e r t i a r y  phosphine  to  ex cess  UCA  ^ in  e th a n o l ,  d i f f e r e n t  p ro d u c ts
r e s u l t . .
(2+n)UCA4  + 2nEt0H + 2nR.jP -  UCA4 _n ( 0E t ) n + n(R.jPH)2UCA6
36. J .A .C . A l l i s o n  and F.G. Mann, J_;_ Chem. S o c . . 1949. 2915.
37. A.K. Majumdar, A.K. M ukherjee, and R.G. B h a t ta c h a ry a ,
J .  In o r g .  N ucl. Chem.. 26. 386 (1964).
38. H.C.E. M annerskantz, G.W. P a r s h a l l ,  and G. W ilk in so n ,
J .  Chem. S o c . . 1963. 3163.
39. P. Gans and B.C. Sm ith , J .  Chem. S o c . . 1964. 4172;
Chem. I n d . . 1963. 911.
40. B.W. F itzsim m ons, P. Gans, B. Hayton, and B.C. Sm ith ,
J .  In o r g .  N uc l.  Chem.. 28. 915 (1966) . [See a l s o :  J . P .  Day and
L.M. V enanzi, J .  Chem. Soc. (A ), 1966. 1363].
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I n  t h i s  i n s t a n c e ,  th e  U(IV) phosphonium s a l t  p r e c i p i t a t e s .  I f  the  
diphosphonium  h e x a c h lo ro u ra n a te s ( IV )  a re  h ea ted  in  e th a n o l ,  th e y  a re  
o x id iz e d  by a sm all  amount of a i r  to  the  t e t r a c h l o r o d i o x o u r a n a t e s ( V I ) .
(R3PH)2UCje6 + H20  + [ 0 ]  -  (R3PH)2U02Cj&4  + 2HCU 
37A r e p o r t  by Majumdar t h a t  u ra n y l  c h lo r id e  and
t r ip h e n y lp h o s p h in e  in  b o i l i n g  n -b u ty l  a lc o h o l  g iv e  the  y e llo w  complex
39U02Cj62 *2Ph3P i s  e r ro n eo u s  . The i s o l a t e d  p ro d u c t  i s  in  f a c t  the
U02CA2 *2Ph3PO complex, e x h ib i t i n g  a P=0 s t r e t c h i n g  band a t  1070 cm 
37A lso , the  r e p o r t s  of the  r e a c t i o n  between PhgP and U02 (N03) and
U0 2Br2 in  cy c lo h e x a n o l ,  o r  ^ 2 *2  e t ^e r » no t y*-e ld  t ^e U-P
39a d d i t i o n  compounds, b u t th e  phosphine oxide complexes
39A lthough Gans and Smith r e p o r te d  an u n s ta b l e  phosphonium 
s a l t  to  r e s u l t  from t h e i r  r e a c t i o n  of UCj&4  and l , 2 - b is (d ip h e n y lp h o s p h in o ) -  
e th an e  ( d ip h o s ) . a w a t e r - s e n s i t i v e  p ro d u c t ,  d ip h o s ,  was
i s o l a t e d  in  t h i s  s tu d y .  The compound was p rep a red  under s t r i c t  
anhydrous c o n d i t io n s  in  t e t r a h y d r o f u r a n .  T h is  was e s s e n t i a l l y  
th e  same p rocedure  used by Gans w ith  the  e x c e p t io n  t h a t  HCj& was 
n o t  employed (which may accoun t f o r  the  fo rm a tio n  of th e  phosphonium 
s a l t  in  h i s  c a s e ) .
T h is  new complex, (UCA^)2 *diphos, ap p ea rs  t o  have the  
phosphorus c o o rd in a te d  d i r e c t l y  to  the  uranium , and i t  i s  t h e r e f o r e  
u n iq u e .  C a re fu l  i n v e s t i a t i o n  of the  i n f r a r e d  spec trum  r e v e a l s  the  
fo l lo w in g  im p o r tan t  p o i n t s :  (a) There i s  no H20 in  th e  compound,
66
s in c e  no bands a s c r i b a b l e  t o  1^ 0 , c o o rd in a te d  o r  o th e rw is e ,  appea r
i n  th e  sp ec tru m ; (b) There a re  no P-H bands, which should  a r i s e  i f
a phosphonium s p e c ie s  were p r e s e n t .  These bonds g ive  r i s e  to
i n f r a r e d  bands in  the  re g io n  o f  2430 cm \  and acco rd in g  t o  Gans 
14and Smith , th e  i n t e n s i t y  i s  g r e a t e s t  in  a ry lphosphonium  s a l t s  and
l e a s t  in  t r i a lk y lp h o s p h o n iu m  s a l t s .  T h e re fo re ,  t o t a l  absence  of a
band in  t h i s  re g io n  from t h i s  compound would r u l e  ou t a phosphonium
s p e c i e s ;  ( c )  There  i s  no band w hich can be a s c r ib e d  to  th e  u ra n y l  
2+(UO2 ) e n t i t y .  Thus, a v e ry  s t ro n g  band (v^) would be ex p ec ted  in  
th e  920-940 cm  ^ r e g io n  and a weaker band (v^) in  th e  830-860 cm  ^
r e g io n ;  (d) There i s  no ev idence  f o r  a s t r o n g  band around 1070 cm  ^
w hich  cou ld  be ev id en ce  f o r  a P=0 v i b r a t i o n  (see  Table  X I ) .  The 
medium s t r e n g t h  band a t  1064 cni ^ in  the  complex ap p ea rs  to  have 
th e  same o r i g i n  as  th e  medium s t r e n g t h  1067 cm  ^ band found f o r  the  
f r e e  l i g a n d .  A lso , a n a l y s i s  and spec trum  of the  f r e e  l ig a n d  r u l e s  
o u t  th e  p o s s i b i l i t y  t h a t  th e  l ig a n d  had been o x id ized  by 0 ^ to  
th e  phosphine  ox ide  b e fo re  i t  was r e a c te d  w ith  th e  UCj&^ . In  l i g h t  
o f  th e  above a rgum en ts ,  i t  ap p ea rs  t h a t  th e  compound, (UCj£^)2 *diphos , 
does indeed  c o n ta in  th e  e lu s i v e  U-P bond.
A ttem pts  to  p rep a re  complexes w i th  monophosphines and 
mono and d i a r s i n e s  were u n s u c c e s s f u l .  With the  d i a r s i n e  analogous  
to  th e  d ip h o sp h in e ,  ( i . e . , [ 1 , 2- b i s ( d i p h e n y l a r s i n o ) e t h a n e ] ) , no 
p ro d u c t  could  be o b ta in e d  u n t i l  th e  d i a r s i n e  had o x id iz e d  to  the  
d i a r s i n e d i o x i d e .  The o x id iz e d  l ig a n d  th en  produced the  1 :2
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d ip h o s
<UCV 2
TABLE XI .
INFRARED BANDS OF ETHYLENE BIS j-  (DIPHENYL) 
PHOSPHINE AND ITS U(IV) COMPLEX
333m, 396w, 440s, 476s , 508s, 535w, 673m, 692s,
7 04s , 727s , 741s , 752m, 846w, 910w, 998m, 1026m,
1067m, 1080m, 1098m, 1120w, 1160m, 1190m, 1272w,
1307m, 1330m, 1379s, 1445s, 1463s, 1480s, 1590w,
2880sh, 2940s.
• d iphos  295s(U-Cj&), 340w, 490s, 502s, 543m, 687s, 727s,
74 2 s ,  8 7 5w, 898m, 918m, 965w, 997m, 1025w, 1048sh,
1064m, 1124m, 1140m, 1168w, 1190w, 1214w, 1315w,
1340w, 1380s, 1444s, 1465s, 1482sh, 1592w, 2880s,
2940s.
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oxygen-donor complex UCj&^(diars
Evidence t h a t  th e  ox ide  formed d u r in g  th e  r e a c t i o n  comes 
from: (a) th e  way in  w hich th e  r e a c t i o n  o ccu rred  (no r e a c t i o n
u n t i l  exposed to  a i r ) ;  (b ) th e  a n a l y s i s  o f  th e  compound; and (c )  the  
i n f r a r e d  spec trum  o f th e  p ro d u c t ,  which r e v e a l s  two s t ro n g  bands 
a t  832 and 851 cm \  w hich may be a s s ig n e d  to  th e  As=0 s t r e t c h i n g  
v i b r a t i o n  ( s e e  T able  IX ).
3. T en -C o o rd in a te  Th(IV) and U(IV)
T e n -c o o rd in a te  m o le c u la r  complexes a re  v e ry  uncommon, 
t h i s  c o o rd in a t io n  number h av in g  been d e f i n i t e l y  e s t a b l i s h e d  f o r  
on ly  one compound*^:
l a [ ( o 2c c h 2 ) 2n*ch 2c h 2n ( c h 2co 2h )c h 2c o ]  . 4h2o
T h ree -d im e n s io n a l  x - r a y  a n a l y s i s  shows two n i t r o g e n  atom s, fo u r
ca rb o x y lic -o x y g en  a tom s, and fo u r  w a ter-oxygen  atoms w i th in  bonding
d i s t a n c e  o f  the  lan thanum  atom.
42W ith th e  r e p o r t  o f  presumed t e n - c o o r d in a te  s p e c ie s  of 
Th(IV) and U(IV) w i th  th e  b i d e n t a t e  l ig a n d  t r o p o lo n e ,  a s tu d y  was 
u n d e r tak en  in  an a t te m p t  to  e s t a b l i s h  w he ther  or n o t  U(IV) was 
a c t u a l l y  bound to  t e n  oxygen atom s.
41. (a )  M.D. L in d ,  B. Lee and J .L .  Hoard, J .  Am. Chem. S o c . .
87, 1611 (1965) .
(b) E .L . M u e t t e r t i e s  and C.M. W rig h t ,  Q u a r t .  R e v s . , 21.
109 (1967) .
42. E .L . M u e t t e r t i e s ,  J .  Am. Chem. S o c . . 8 8 . 305 (1966) .
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The c h i e f  methods o f  i n v e s t i g a t i o n  were e l e c t r o n i c  and 
i n f r a r e d  a b s o r p t io n  d a t a .  The e l e c t r o n i c  s p e c t r a  o f  UT^, and 
LiUT,. were ta k en  in  s o l u t i o n  (DMSO and DMF) and in  n u jo l  m u lls  
(room and l i q u i d  Ng t e m p e r a t u r e s ) . The e l e c t r o n i c  spec trum  of 
LiThT,. was a l s o  reco rd ed  and showed no a b s o r p t io n  between 6250 and 
20,000 cm I n f r a r e d  s p e c t r a  were reco rd ed  u s in g  n u jo l  m u lls  
p re s se d  between NaCjG p l a t e s .  IR  d a ta  in  th e  650-5000 cm ^ range 
was o b ta in e d  f o r  the  fo l lo w in g  compounds: L iT , ThT^, LiThT,-, UT^
and LiUTy
D isc u s s io n  o f  IR Data
IR  bands f o r  L iT , T h T ,, L iT hT .,  UT, and LiUT- a re  l i s t e d’ 4 ’ 5* 4 5
in  Table  X I I .  The a ss ig n m e n ts  f o r  th e  l ig a n d  a r e  m o s t ly  from
r e f e r e n c e  43.
The spec trum  o f  UT^ i s  v e r y  s i m i l a r  to  t h a t  o f  ThT^ as 
e x p e c te d .  The spec trum  o f  LiUT,. i s  a l s o  v e r y  s i m i l a r  to  t h a t  of 
LiThT,. b u t  s l i g h t l y  d i f f e r e n t  from th o se  of UT^ and ThT^. C o n tra ry  
to  the  s ta te m e n t  by M u e t t e r t i e s  t h a t  th e  s p e c t r a  o f  LiUT,. and 
LiThT,. a re  " s i g n i f i c a n t l y  l e s s  complex" th an  th o se  of UT^ and ThT^, 
i t  i s  found t h a t  the number o f  bands in  each compound i s  abou t the  
same. (See Table  X I I ) .  The r e g io n  between 1220-2170 cm  ^ (C-H 
in - p l a n e  d e f . )  shows the  g r e a t e s t  d i f f e r e n c e  betw een the  v a r io u s  
compounds. Th is  m ight be a s c r ib e d  to  th e  expec ted  g r e a t e r  s t e r i c  
e f f e c t s  in  the  p e n ta k i s  compounds.
43. Yushaku Ikegam i, B u l l .  Chem. Soc. J a p a n . 34, 91 (1961) . .
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D is c u s s io n  o f E l e c t r o n ic  A b so rp t io n  D ata
The e l e c t r o n i c  s p e c t r a  o f  UT^ and LiUT,. in  th e  6250-20 ,000 cm  ^
re g io n  in  DMSO and DMF a re  n e a r ly  i d e n t i c a l .  (See T ab le  X I I I  and 
F i g . X I I ) . These s p e c t r a  e x h i b i t  bands c h a r a c t e r i s t i c  o f  o th e r  
e ig h t - c o o r d in a t e  U(IV) complexes s tu d ie d  in  t h i s  l a b o r a to r y  (se e  
F ig u r e s  I I  & V I I I ,  f o r  exam ple).  T h is  s i m i l a r i t y  may be ta k en  to  
imply t h a t  th e  LiUT,. s p e c ie s  i s  n o t  a c t u a l l y  t e n - c o o r d in a te  bu t 
perhaps a m ix tu re  o f  two s p e c ie s  such a s  LiT • UT^. One should  
ex p ec t  a n o t i c e a b le  d i f f e r e n c e  betw een th e  e l e c t r o n i c  bands f o r  an 
8-  and 1 0 -c o o rd in a te  tf(IV) m eta l io n .  However, s in c e  the  s p e c t r a  a r e  
i d e n t i c a l ,  i t  i s  p l a u s i b l e  to  assume t h a t  th e  two s p e c ie s  in  s o l u t i o n  
a r e  them selves  i d e n t i c a l .  For s t r o n g  donor s o lv e n t s  l i k e  DMSO and 
DMF, the  tendency tow ards s o l v a t i o n  i s  g r e a t  and indeed  M u e t t e r t i e s  
d id  i s o l a t e  an a p p a ren t  9 - c o o rd in a te  th o r iu m  complex ThT^(DMSO) w i th  
DMSO. A lso ,  th e  LiThT,. complex d i s s o c i a t e s  in  DMSO. The fo l lo w in g  
may occur in  which th e  DMSO s o lv e n t  m o lecu les  a re  much l e s s  s t r o n g ly  
bound to  th e  U(IV) ion  th an  the  t ro p o lo n e  oxygens, r e t a i n i n g  the  
8 - c o o r d in a te  geom etry.
DMSO
LiUT. --------- *  L i + T" + UT. (DMSO)5 ^  4 x
and
DMSO
u t 4  --------->  u t 4 (dmso)x
The two compounds would th e n  y i e ld  i d e n t i c a l  or n e a r ly -  
i d e n t i c a l  e n t i t i e s  in  s o l u t i o n .
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A more i n t e r e s t i n g  s i t u a t i o n  a ro s e  however, when s p e c t r a
w ere o b ta in e d  f o r  UT^ and LiUT,. i n  n u jo l  m u lls  a t  b o th  room and l i q u id
N£ te m p e ra tu re s .  In  a n o n -p o la r ,  n o n - c o o rd in a t in g  medium such as
n u j o l ,  no d i s s o c i a t i o n  i s  e x p e c te d .  T h e re fo re ,  i f  th e  LiUT^ r e a l l y  
+ “e x i s t s  as  th e  L i  UT,. s p e c ie s  w i th  t e n  t ro p o lo n e  oxygens c o o rd in a te d
to  uranium , the  e l e c t r o n i c  spec trum  should  be d i f f e r e n t  from t h a t
of UT^. In  f a c t ,  t h i s  d i f f e r e n c e  i s  observed  a t  b o th  room te m p e ra tu re
and 77°K. (See Table  XIV and F ig u r e s  X I I I  and XIV).
F i n a l l y ,  the  u l t r a v i o l e t  s p e c t r a l  d a ta  o f  a l l  f i v e  compounds,
a lo n g  w i th  t h a t  f o r  the  f r e e  l ig a n d ,  in  95% EtOH, a r e  r e c o re d  in
T ab le  XV. I n v e s t i g a t i o n  o f  t h i s  r e g io n  o f th e  sp ec tru m  was prompted
because  i t  i s  h e re  t h a t  one e x p e c ts  to  f in d  L a P o r te -a l lo w e d  5f -* 6d
t r a n s i t i o n s .  I n  th e  s e r i e s  of compounds, L iT , ThT^ and UT^, i t  should
be p o s s ib le  t o  a s c e r t a i n  which bands in  th e  u l t r a v i o l e t  s p e c t r a  a re
due to  charge  t r a n s f e r  and which a re  p r im a r i l y  5f -* 6d t r a n s i t i o n s .
C e r t a i n ly  in  the  l i t h iu m  and th o rium  (Th^+ has [Rn] e l e c t r o n i c
c o n f ig u r a t io n )  s a l t s  th e r e  i s  no p o s s i b i l i t y  o f  f  -♦ d t r a n s i t i o n s
4+o c c u r r in g .  Comparison o f th e s e  s p e c t r a  w i th  t h a t  o f  UT^ (U has 
2
[Rn]5f c o n f ig u r a t io n )  should  en ab le  one t o  i d e n t i f y  a d d i t i o n a l  
bands a s  b e in g  due to  the  5f -♦ 6d t r a n s i t i o n s .  E x p e r im e n ta l ly ,  i t  
was found, however, t h a t  the  most complex sp ec tru m  was o b ta in e d  
f o r  L iT . T h e re fo re ,  th e  p re sen ce  o f  5 f  -* 6d t r a n s i t i o n s ,  i f  any , 
i s  n o t  e v id e n t .  I t  may be t h a t  th e y  a re  s im ply  h id d en  by th e  in te n s e  
charge  t r a n s f e r  bands and tt-tT* t r a n s i t i o n s  w hich o ccu r  p r im a r i l y
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w i t h i n  th e  l ig a n d .
44Ryan and Jo rg en sen  have a s s ig n e d  i n t e n s e  bands o f
UCj&g , an(* ^ 6  *'n t *ie u l t r a v *-°le t  r e g io n  t o  5 f^  -* 5f^6d'*'
2 -  2-  2 -t r a n s i t i o n s .  The band e n e r g ie s  d e c re a s e  in  th e  o rd e r  UCj&g >  UBr^ >  UIg . 
In  UCAg , th e  bands a r e  lo c a te d  a t  2 9 .8 ,  3 1 .8 ,  3 3 .0 ,  35 .7  and 40.0kK.
44. J .L .  Ryan and C.K. J o rg e n se n ,  Mol. P h y s . . 17 (1 9 6 3 ) .
TABLE X II
INFRARED ABSORPTION BANDS FOR THE TROPOLONE COMPOUNDS AND THEIR TENTATIVE ASSIGNMENTS*
LiT UT.4 ThT.4 LiUT5 LiTKT5 T e n ta t iv e  A ssignm ents
1602s 1598s 1599s 1598s 1599s *Occ=o;
1580w
1520s
1575sh
1515s
1575sh
1515s
1580sh
1515s
1583sh
1515s £ *0(0=0)
1480sh 1465sh 1470m 1472m 1470m C-H bending
1435s,b 1425s,b 1428s,b 1435s,b 1430s ,b C-C s t r . ?
1365s,b 1365s,b 1360s 1360s,b 1375m
1356,1347s
[2x675] C-C-C r in g  de f
1262m 1258sh 1272m r
1235s
1226s
1250w
1230m
1227m
1242m
1230s
1226sh
1250m
1238w
1250s.
1240m j  C-H in - p l a n e  d e fo rm a tio n
1219m
1069w
1219m
1072w
1 2 2 0 sh
1031m
1223m
1072w
1 2 2 1 m
1072w [357+679] com bioa tion  ta a d  L J C-C-C r in g  d e f
993w 995w 99 6w 999w
980w
97 3w 971w 973m 974w 97 3w
925w 943,930 930,920 925,920 928,920
920w 914w 913w 915w
907m
( j J
Table XII (Continued)
873m 87 3m 875m 876m 875m
767sh 773w 764w 762w
754m 765w 755m 759w
7 3 6 s ,b 7 3 2 s ,b 7 3 6 s ,b 7 3 5 s ,b 734 s ,b
704w
694w
704m 703m 704m 703m
ro / o e i  o v e r to n e  [2x436] c . 0 . c  r l n g  d e f
'C-H o u t - o f - p la n e  d e f .  
C-C s t r e t c h
a) A b b re v ia t io n s  u sed : s= s t ro n g  band; nt=medium band; w=weak band; sh = sh o u ld e r ;  b=broad band.
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TABLE XIII
ELECTRONIC SPECTRAL BANDS IN THE 6250-20 .000 cm"1 REGION FOR UT.----------------------------------------------------------------------a-------------------------------------- 4
AND LiUT.. DISSOLVED IN DMSO --------------5------------- —--------------
UT,4 LiUT5
6905 6895
7245 7240
7790 7805
8430 8410
8670 8670
8840 8865
9235 9240
10,860 10,800
a 11,240
a 12,270
14,795 14,805
17,670 17,730
b 19,085
b 19,685
a) Weak b road  a b s o r p t io n  band i n  t h i s  ra n g e .
b) S tro n g  a b s o r p t io n  in  t h i s  ra n g e ,  b u t  maxima a re  no t c l e a r .
TABLE XIV
ELECTRONIC SPECTRAL BANDS IN THE 6250-20.000 cm '1 REGION FOR
UT. AND LiUT- IN NUJOL MULLS AT ROOM AND — 4--------------------------------5--------------------------------------------- — -------------------------------------------
LIQUID NITROGEN TEMPERATURE
UT.4
77 K 300°K 300°K
LiUT5
77°K
1) 6666 6660 1) 6480 6452,6580
2) 6920 6920 2) 7200 7042,7194,7236
3) 7194,7692,7874 7640 3) 8335 8333
4) 8985 9010 4) 8550 8475,8696
5) 9174 9185 5) 8890 8811
6) 9643 9480 6) 9090 9009,9124,9346
7) 10417,10593 10,505 7) 9950 9842,9950,10020
8) 11110,11287,11455 11,365 8) 11 ,110 10940,11161
9) 11919,12165 11,905 9) 11,630 11560 ,1166 9.
10) 12987 12,985 10) 13,090 13020,13298
11) 14535 14,495 11) 14,620 14492,14641
12) 15174 15,175 12) 14,925 14815
13) 15773 13) 15,350 15083,15255,
15456
14) 16667 14) 15723,15835
16026,16260
15) 17065 15) 16,667
16) 17857 16) 17,094
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TABLE XV
ULTRAVIOLET SPECTRAL BANDS FOR TROPOLONE AND ITS 
COMPOUNDS IN 95% ETHANOL
Tropolone LiT UT,4 LiUT5 ThT.4 LiThT5
45,450
42,920
42,190 40 ,820
42 ,020
41 ,320
41,840
40,820 40,820
37,740 37,740
31,250
28,410
29,760 30,120 30 ,120 30,300 30,120
27,170 27,100 27,100 27,030 26,320 27,100
24,940 25,450
25,000 25,000 25,000 25,000
FIGURE XII
E l e c t r o n i c  a b s o r p t io n  spec trum  of UT^ and LiUT^ in  DMSO
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PARI I I  -  COORDINATION CHEMISTRY OF URANIUM(V)
A. LITERATURE SURVEY
The C hem istry  o f  U(V)
The a v a i l a b l e  l i t e r a t u r e  on th e  c h e m is t ry  o f  U(V) i s  
meager indeed  when compared to  th e  volum inous d a ta  c o l l e c t e d  f o r  
th e  o th e r  o x id a t io n  s t a t e s  o f  uran ium , namely th e  o x id a t io n  s t a t e s  
o f  ( I I I ) , (IV) and (V I ) . T h is  la c k  o f  in fo r m a t io n  i s  n o t  s u r p r i s i n g ,  
however, when one c o n s id e r s  th e  s t r o n g  ten d en cy  o f  U(V) to  
d i s p r o p o r t i o n a t e  to  U(IV) and U (V I). A lso ,  th e  extrem e s e n s i t i v i t y  
o f  U(V) compounds to  a tm o sp h e r ic  oxygen and t r a c e  amounts o f  w a te r  
v ap o r  r e q u i r e  v e r y  r i g i d  e x p e r im e n ta l  c o n t r o l s .
D e sp i te  t h i s  g r e a t  i n s t a b i l i t y ,  however, th e  U(V) s p e c ie s  
rem ains  c h em ica l ly  and s p e c t r o s c o p i c a l l y  im p o r ta n t .  The ground 
s t a t e  e l e c t r o n i c  c o n f ig u r a t io n  i s  [R n ]5 f^ .  T h e re fo re ,  th e  s tu d y  of 
e l e c t r o n i c  a b s o r p t io n  s p e c t r a  in  w hich f  e l e c t r o n  t r a n s i t i o n s  occur 
i s  most i n t e r e s t i n g .  The e f f e c t  o f  d i f f e r e n t  chem ical as  w e l l  as 
g e o m e tr ic a l  su rro u n d in g s  on th e  f  l e v e l s  should  y i e ld  much v a lu a b le  
in fo rm a t io n  as to  bonding , f i e l d  s t r e n g t h  o f  v a r io u s  l ig a n d s  and 
v a r io u s  c r y s t a l  f i e l d  p a ra m e te r s .
A nother a re a  o f  i n t e r e s t  in v o lv e s  th e  s tu d y  o f e l e c t r o n  
pa ram ag n e tic  re sonance  (EPR). At t h i s  t im e ,  no d e t a i l s  o f  EPR
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m easurem ents  have been r e p o r te d  f o r  U(V) compounds, a l th o u g h  a 
f o o tn o te  c o n ce rn in g  U(V) EPR s p e c t r a  a p p e a r s  in  r e f e r e n c e  9. In
s o l u t i o n ,  UCjfc^  i s  though t t o  e x i s t  as  th e  d im er ,  and i t  was found
45to  be d ia m a g n e t ic  in  C C b y  Riidorff and Menzer , in  su p p o r t  o f  
t h i s  fo r m u la t io n .
P r e p a r a t io n  o f  more s t a b l e  U(V) compounds would be of 
trem endous a id  in  the  s tu d y  o f t h i s  i n t e r e s t i n g  " lo n e - e l e c t r o n "  io n .
The Compounds o f  Uranium(V)
In  t h i s  s e c t io n ,  th e  s y n th e s e s  and s t a b i l i t y  o f  th e  known 
U(V) compounds w i l l  be b r i e f l y  d i s c u s s e d .
(a )  A d d i t io n  Compounds
From p e ru s a l  of th e  l i t e r a t u r e  one r e a d i l y  n o t i c e s  the
la c k  o f  a d d i t i o n  compounds o f  U(V). In  f a c t ,  on ly  fo u r  such
46 47 compounds have been r e p o r t e d ,  namely UCj&3 *PCj&3 > UCA^SOCj^ ,
UCje5 -Ph3PO and UCj&5* (C gH ^) 3P0  48.
The f i r s t  o f  th e s e ,  UCj&3 »PCj&,-, may be sy n th e s iz e d  by the
fo l lo w in g  method48 .
U03 + 4PCj&5 -* UC,e5 -PCjfc5 + 3P0Cj&3 + %ca2
45. W. Riidorff and W. Menzer, a n o rg .  U. Allgem. Chem.. 
29 2 . 197 (1 9 5 7 ) .
46. R.E. Panzer and J . F .  S u t t l e ,  J .  In o r g .  N ucl. Chem.. 20. 
229 (1 9 6 1 ) .
47. H echt, Jan d e r  and Schlapmann, a n o rg .  Chem.. 1947.
254, 255.
48. K.W. B ag n a l l ,  D. Brown, and J .G .H . DuPreez, Chem. 
S o c . . 5217 (1965) .
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When e x c e s s  PCX,. was used in  th e  above r e a c t i o n ,  orange c r y s t a l l i n e
p ro d u c ts  were o b ta in e d  whose form ulae  co rresponded  to  UCX,.* 2PCA,.
and UCA,j»3PCj&2 » E x t r a c t i o n  w i th  d ry  to lu e n e  o f  UCJ&,-• 2PCA,- y ie ld e d
th e  o r i g i n a l  UCj^_*PCJ^. Whether th e  compound e x i s t s  a s  (UCAg) (PCj2^)
i n  the  s o l i d  form i s  n o t  known. However, a s i m i l a r  compound,
+ 49UCj^ S O C j^ ,  i s  b e l ie v e d  to  be (UCj&g) (SOCA ) . The compound i s
io n iz e d  i n  POCjfc^  t o  y i e ld  th e  PCjfc£ and UCj&g io n s .  I t  r e a c t s  r e a d i l y
w i th  ^ 0 ,  o n e -h a l f  b e in g  reduced  to  U(IV) and o n e - h a l f  o x id iz e d  
2+to  U(VI) ( a s  U(>2 ) .  A d d it io n  o f  w a te r  a l s o  cau se s  p h o sp h a te s  to  
form y i e l d i n g  p r e c i p i t a t e s  o f  mixed uranium  (U(IV) and U(VI)) 
p h o sp h a te s .
I f  one r e f l u x e s  UO  ^ w i th  ex ce ss  t h io n y l  c h lo r id e  f o r
472-3  weeks the  complex U C ^ 'S O C ^  i s  form ed. The e x ce ss  th io n y l  
c h lo r id e  may then  be c o n v e n ie n t ly  removed by d i s t i l l a t i o n .
A ccording to  B r a d l e y ^ ,  r e a c t i o n  o f  UCA^SOC^ w i th  
e th a n o l ,  th e n  s a t u r a t i o n  o f  the  r e s u l t i n g  s o l u t i o n  w i th  anhydrous 
HCj&, fo l lo w ed  by a d d i t i o n  o f  p y r id in e  y i e l d s  (C^H^N^ UOCA,.. T h is  
g re e n  c r y s t a l l i n e  complex may be a reduced  U(IV) p ro d u c t  o r  a 
m ix tu re  o f  U(IV) and U(VI) compounds. The p r e p a r a t io n  by B rad ley  
o f  the  supposed complex UOCjJ^’EtOH a l s o  seems d o u b t f u l .  Only 
e le m e n ta l  a n a l y s i s  i s  o f f e r e d  as  p ro o f  o f  th e  o x id a t io n  s t a t e  of
49. A.E. Comyns, The C o o rd in a t io n  C hem istry  o f  Uranium
A C r i t i c a l  Review UKAEA R eport A .E .R .E . 2320, H a rw ell ,  England (1957) .
50. D.C. B rad ley ,  B.N. C h a k r a v a r t i  and A.K. C h a t t e r j e e ,
J .  In o r g .  N ucl. Chem.. _3, 367 (1 9 5 7 ) .
uran ium .
The two phosphine ox ide  complexes o f  U(V) r e p o r te d  by 
48B ag n a ll  e t  a l .  , a r e  p rep a red  by suspend ing  an e x c e s s  o f  CsUCjfcg 
in  m ethylene c h lo r id e  t o  which i s  added th e  a p p r o p r i a t e  l ig a n d .  
P r e c i p i t a t e d  Cs CA and u n re a c te d  CsUCj&g i s  f i l t e r e d  o f f  and th e  
red  s o l u t i o n  e v ap o ra te d  to  d ry n e s s .  P r e c i p i t a t i o n  o f  th e  complex 
may a l s o  be e f f e c t e d  by th e  a d d i t i o n  o f  i s o p e n ta n e  to  th e  red  
m ethy lene  c h lo r id e  s o l u t i o n .  The compounds a r e  s t a b l e  i n d e f i n i t e l y  
i n  a d ry ,  i n e r t  a tm osphere . A ttem pts  to  p re p a re  complexes w i th  the  
l ig a n d s  t r i p h e n y l a r s i n e  o x id e ,  p y r id in e  N -o x id e ,  d im e th y la c e ta m id e ,  . 
d im e th y ls u l fo n e ,  d ip h e n y ls u l fo n e ,  e t h y l  a c e t o a c e t a t e  and a c e ty la c e to n e
* i 4 8were u n s u c c e s s fu l
A proposed complex o f  U(V), r e p o r te d  by P anzer  and S u t t l e ^ ,  
and fo rm u la ted  as  5UCj&_*CCj&_ = CCjJ-COCA, a p p ea rs  t o  have been i n c o r r e c t l yJ Z v
c h a r a c t e r i z e d  and fo rm u la te d .  The p ro d u c t  p re p a red  i n  t h i s  p re s e n t  
s tu d y  i s  an o ra n g e -re d  complex w i th  the  e m p i r ic a l  form ula  
UCA^'O = C(CA)C(CA) = CCj&2 > in  which th e  oxygen o f th e  t r i c h l o r o a c r y l y l  
c h lo r id e  l ig a n d  i s  c o o rd in a ted  to  the  U(V) io n .  The reported"**' 
e l e c t r o n i c  a b s o r p t io n  spectrum  i n d i c a t e s  t h a t  th e  compound p repared  
e a r l i e r  c o n ta in ed  a g r e a t  d e a l  o f  U(IV) ( s t r o n g  bands between 
600-700 mp.). In  t h i s  s tu d y ,  the  a b s o r p t io n  spec trum  o f  t h i s  new 
complex was s tu d ie d  in  more d e t a i l  and i s  q u i t e  s i m i l a r  to  th e
51. R.E. Panzer and J . F .  S u t t l e ,  I n o r g .  N uc l.  Chem.. 
13, 244 (1 9 6 0 ) .
52s p ec tru m  o f  UCj&^'SOCj^  r e p o r te d  by K a rra k e r  . The re d -o ra n g e  
compound decomposes w i th in  seconds when exposed to  th e  a tm osphere , 
tu r n i n g  g re e n .  However, i t  i s  s t a b l e  under a d ry  i n e r t  (a rgon ) 
a tm o sp h ere .
(b )  A lkox ides
S e v e ra l  methods a r e  r e p o r t e d ^ * ^  f o r  the  p r e p a r a t i o n  
o f  U(V) a lk o x id e s .  D e r iv a t iv e s  o f  a l l  th e  a l i p h a t i c  a lc o h o l s  w i th  
fo u r  o r  l e s s  carbon  atoms and o th e r  s u b s t i t u t e d  a l c o h o l s  have been 
r e p o r t e d .
1) U(IV) a lk o x id e s ,  suspended in  ROA, r e a c t  w i th  d ry  
02 to  produce U(OR),..
UC*4  + 4NaOR -  U(OR>4  ^  U(OR) 5
O ther o x id iz in g  a g e n ts  may be used in  p la c e  of 0^.
For example, c o n v e r ts  U(OEt) 4  to  U(OEt),. in  
y i e l d s  app ro ach in g  95%.
NaOEt
U(OEt) 4  + ^B r2 -  U(OEt) 4  Br  -------- »
U(OEt) + NaBr
52. D.G. K a r ra k e r ,  In o rg .  Chem.. _3, 1618 (1 9 6 4 ) .
53. R.G. J o n e s ,  E. B in d sc h a d le r ,  G. Karmas, T.A. Yeoman,
and H. Gilman, J .  Am. Chem. S o c . . 78 . 4287 (1956) .
54. R.G. J o n e s ,  E. B in d sc h a d le r ,  G. Karmas, S.A. M a r t in ,  J r .
J .R .  T h i r t l e ,  T.A. Yeoman and H. Gilman, J .  Am. Chem. S o c . . 78 . 4289
(1 9 5 6 ) .
O th e r  methods in c lu d e :
2) UCA4  + ROH + NH3 -» U(OR) 4  °  U(OR) 5
3) UCj65 + ROH + NH3 -  U(OR)
4) P erhaps  th e  b e s t  method in v o lv e s  an exchange of 
a lk o x id e  g ro u p s .
U(OEt) 5 + 5R0H -  5EtOH + U(OR>5
E th an o l i s  th e n  removed by d i s t i l l a t i o n .  The r e a c t i o n
a p p ea rs  to  be r e v e r s i b l e .  As a g ro u p , th e  a lk o x id e s
may be d i s t i l l e d ,  th e y  r e s i s t  deco m p o s it io n  a t  e l e v a te d  
te m p e ra tu re s ,  th ey  a re  e a s i l y  hyd ro lyzed  and th e y  
must t h e r e f o r e  be p ro te c te d  from m o is tu re .
5) B ra d ley ‘S  r e p o r t s  th e  p r e p a r a t io n  of U(OEt) 3 by the  
fo l lo w in g  r o u t e :
(C6H6N) 2 UOCj&5 + 5NH3 + 3R0H -  
OU(OR) 3 + 5NH4 CjJ + 2C5H5N 
n UO(OR) 3 -  U(OR) 5 + V l ° n (OR)3n - 5
(c )  H a lo g e n -c o n ta in in g  U(V) Compounds
P ro b ab ly  the  f i r s t  r e p o r te d  p e n ta v a le n t  uranium  compounds
were UCA^'PCjJ^, p rep a red  by Cronander"’"’ in  1873 and UCjJ^, d is c o v e re d  
S6by Roscoe i n  1874. i s  formed when UCj&4  and CJL^  a r e  p r e s e n t
55. A.W. C ronander, B u l l .  Soc. chim. P a r i s  ( 2 ) ,  .19, 500
(1 8 7 3 ) .
56. H. Roscoe, B e r . . ]_> 1131-1133 (1874) .
to g e th e r  a t  e le v a te d  te m p e r a tu r e s ’^ .
2ucje4 + Cjg - 20-~ - -^  2ucje5
Uranium p e n ta c h lo r id e  r e a d i l y  undergoes the rm a l d i s p r o p o r t i o n a t io n  
to  form U C ^  and UCj&g.
2UCA5 > UCj&4 + UCjfcg
may be p rep a red  by th e  r e a c t i o n  of u ranium  o x id es  (U0 2> UO^,
^ 3° 8  ^ w* t *1 o r8a n i-c c h l o r i n a t i n g  a g e n ts ,  a l th o u g h  pure  UCj&3 may not 
be i s o l a t e d  in  a l l  c a s e s .  F o r  example, r e f l u x i n g  UO^  in  th io n y l  
c h lo r id e  y i e l d s  UCA,.* SOCj^, o r  h e a t in g  UO  ^ in  hexach lo rop ropene  forms
u c<e5 *oc(cj&)c(cj&) = c c a 2 .
The l i q u i d  phase c h l o r i n a t i o n  w i th  CCj&4  in v o lv e s  th e  
fo l lo w in g  r e a c t i o n s .  (See K a tz ,  "The C hem istry  o f  Uranium", Dover 
P u b l i c a t io n s ,  I n c . ,  New York, N .Y ., p . 4 9 0 ) .
2U03 + 6CCj&4  -  2UCj&5 + 6COCj&2 + Cj^
2U3 Og + 16CCj&4 -  6UCA5 + 16COCj&2 + Cj&2
58Uranium p e n ta f lu o r id e  was f i r s t  r e p o r te d  by Ruff and Heinzelman 
in  1911. I t  was formed by th e  r e a c t i o n  o f  anhydrous HF w ith  UCjJ^.
UF^ may a l s o  be o b ta in e d  by r e a c t i n g  U C w i t h  anhydrous
57. UCKL 44: H.6 . R e ib e r ,  R eport  R L -4 .6 .116 , A p r .23, 1943.
58. 0 . R uff  and H. Heinzelmann, a n o rg .  Chem.. 72 . 64,
71 (1911).
2UCjfc- + 10HF -  2UF_ + 10HCj& + CA o j  2
59A nother p r e p a r a t iv e  method in v o lv e s  th e  a c t i o n  o f  on UF^ .
150-250°
u f 4  + h s 2 u f 5
H y d ro ly s is  o f  UF,. r e s u l t s  in  the  fo rm a t io n  o f  UF^ and u ra n y l  f l u o r i d e .
2UFC + 2Ho0 -* UF. + U0^+ + 2F“ + 4HF 5 2 4 2
This  s t ro n g  tendency  o f  U(V) t o  undergo h y d r o ly s i s  and
d i s p r o p o r t i o n a t i o n  i n  aqueous media has  r e s t r i c t e d  th e  s tu d y  to
2+v e ry  narrow pH ra n g e s .  Most work in v o lv ed  th e  r e d u c t io n  o f UO^
4* 60to  UO2  a t  pH 's  between 2 -4 .  Rampy , however, r e p o r te d  t h a t
NH^F-UF^ was s t a b l e  in  c o n c e n t ra te d  HF s o l u t i o n s .  A lso ,  Asprey and
Pennem an^ p rep a red  H U F g ^ .S ^ O  and HUFg* 1 . 2 5 ^ 0  by c o o l in g  a
s o l u t i o n  o f  U(V) s a tu r a t e d  w i th  HF to  -10°C. Blue c r y s t a l s  formed
which ana lyzed  f o r  HUFg^.SH^O. F u r th e r  c o o l in g  o f  th e  rem ain ing
s o l u t i o n  to  -8 0 °  a f t e r  a d d i t i o n a l  HF was added produced b lue
HUF,.1 . 25H-0. Th is  r e s i s t e n c e  to  h y d r o ly s i s  i s  somewhat s u r p r i s i n g  
6 Z
and i t  ap p ea rs  t h a t  th e  f l u o r i d e  io n  i s  c o o rd in a te d  s t r o n g ly  enough 
to  p re v e n t  deco m p o s it io n .
59. J . J .  Katz and Eugene R ab inow itch , "The C hem istry  of 
Uranium, Dover P u b l i c a t i o n s ,  I n c . ,  New York, N .Y ., p . 387.
60. G.A. Rampy, GAT-T-697, 11 -2 -59 , Goodyear Atomic C o rp .,  
a v a i l a b l e  from U.S. D ept, o f  Commerce, O ff ice  o f  Tech. S e rv ic e s ,  
W ashington, 25, D.C.
61. L.B. Asprey and R.A. Penneman, In o r g .  Chem.. .3, 727
(1 9 6 4 ) .
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62O ther f l u o r i d e  compounds in c lu d e  UF^«3NaF p rep a red  by 
f l u o r i n a t i o n  o f  UF^*3NaF, and UF^*NH^F, formed by r e d u c t io n  o f  
UFg by NH3. I f  UF5 -NH4F i s  d i s s o lv e d  in  48% HF, a s t a b l e  U(V) 
s o l u t i o n  r e s u l t s .  Upon a d d i t i o n  o f  RbF o r  CsF i c e - b l u e  c r y s t a l s  
o f  UF,.«RbF o r  UF,.*CsF a r e  p r e c i p i t a t e d .  The i d e n t i c a l  compounds 
may be o b ta in e d  by d i r e c t  co m bina tion  o f  th e  a p p r o p r ia t e  f l u o r i d e s .
H exach lorouran te (V ) compounds o f  th e  type  MUCjL.o
4* 4* 4* 4“(M=Cs , Me^N , and Ph^As ) have r e c e n t l y  been  p rep a red
63from th io n y l  c h lo r id e  s o l u t i o n s  o f  UCA,. by B ag n a ll  e£  a l .  . A l l  
o f  the  compounds a re  u n s ta b le  t o  m o is tu r e ,  undergo ing  ra p id  
h y d ro ly se s  and d i s p r o p o r t i o n a t i o n .  They a r e  however, r e l a t i v e l y  
s t a b l e  to  h e a t ,  e x h i b i t i n g  sh a rp  m e l t in g  p o in t s  w i th  l i t t l e  
d eco m p o sit io n .
The p r e p a r a t io n  of UOCA^  by h e a t i n g  t o g e th e r  UCj&4  and 
UO2CJ&2 i s  r e p o r te d  by K a o -P 'in  K 'u o ^ .  Prigent^"* r e p o r t s  the  
fo rm a tio n  o f UOBr^ by h e a t in g  CBr^ w i th  UO  ^ a t  110° in  a d ry  
n i t r o g e n  a tm osphere .
62. W. Riidorff and R.A. Penneman, In o r g .  Chem.. .3, 727 (1964).
63. K.W. B ag n a l l ,  D. Brown, and J .G .H . duP reez , Chem.
S o c . . 2603 (1964).
64. K a o -P 'in  K 'uo , Hua Hsiieh T ieny  Pao. 1959, N o.5, 9-10 
CA 54:21669i (1960) .
65. Jacques  P r ig e n t ,  Compt. r e n d . . 236. 710-11 (1 9 5 3 ) .
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(d )  Uranium(V) Compounds w ith  B-D iketones and B -K e to e s te rs
B handari and K a p o o r ^ ’ ^  have r e c e n t l y  r e p o r te d  th e  
p r e p a r a t i o n  o f  compounds o f  p -d ik e to n e s  and p - k e t o e s t e r s  w i th  
uranium  p e n ta e th o x id e .  D e r iv a t iv e s  o f  th e  type  U (OEt)__ L
j " X  X
(where L = a c e ty l a c e to n e ,  b e n zo y la c e to n e ,  m ethyl a c e t o a c e t a t e  o r
e t h y l  a c e t o a c e t a t e ;  x  = 1, 2 o r  3) a re  c la im ed . I t  i s  i n t e r e s t i n g
68to  n o te  in  t h i s  c o n n ec t io n  t h a t  H. Gilman e£  a l .  i n  1956, r e p o r te d  
th e  fo rm a tio n  o f  U(CH2C0 CHC0 2 C2H,.)^, a U(IV) p ro d u c t ,  when U(OEt),. 
was r e f lu x e d  w i th  e th y l  a c e t o a c e t a t e .  The s ta te m e n t  by B handari 
and Kapoor t h a t  no p - k e t o e s t e r  d e r i v a t i v e s  o f  p e n ta v a le n t  uranium  
had been  r e p o r te d  p r e v io u s ly  i s  in  e r r o r ,  as i n d i c a t e d  by th e  work 
r e p o r te d  in  r e f e r e n c e  69.
(e )  O thers
69Riidorff and L eu tn e r  p rep a red  LiUO^ and NaUO^ by h e a t i n g  
(M = L i or Na) w i th  UOg a t  650-750°. The l i t h i u m  s a l t  i s
deep v i o l e t  w hereas th e  sodium s a l t  i s  brow nish v i o l e t .  These a re
6 6 . A.M. B handari and R.N. Kapoor, Can. J .  Chem.. 44, 1468
(1 9 6 6 ) .
67. A.M. B handari and R.N. Kapoor, A u st .  J .  Chem.. 20 .
233 (1967) .
6 8 . R.G. Jo n es ,  E. B in d sc h a d le r ,  D. Blume, G. Karmas,
G.A. M a r t in ,  J .R .  T h i r t l e  and H. Gilman, Am. Chem. S o c . . 7 8 . 6027
(1 9 5 6 ) .
69. W. Riidorff and H. L e u tn e r ,  a n o rg .  a l l g .  Chem.. 292. 
193 (1 9 5 7 ) .
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p e rh a p s  th e  two most s t a b l e  U(V) compounds known. An aqueous 
su sp e n s io n  o f  the  compounds shows no a l k a l i n e  r e a c t i o n .  (The U(VI) 
a n a lo g ,  Na2U0 ^ ,  r e a c t s  w i th  1^0 to  form ^ 2^ 0 ^ and NaOH.) The 
compounds f a i l  to  r e a c t  w i th  HCjJ and I^SO^, a l th o u g h  HNO  ^ d e s t r o y s  
them r e a d i l y .
B. EXPERIMENTAL
1. P r e p a r a t io n  of Compounds
UCi^.»CjC^O [Uranium p e n ta c h lo r i d e  t r i c h l o r o a c r y l y l c h l o r i d e ]
To 175 ml o f  h e x ach lo ro p ro p en e  (1 .2 4  m oles) was added
20g o f  U^Og (~ 0 .02  m o le s ) .  The m ix tu re  was h e a te d  to  abou t 60°C
a t  which time a s t r o n g l y  e x o th erm ic  r e a c t i o n  began. When t h i s
o c c u r red ,  ev idenced  by r a p id  b o i l i n g  and in t e n s i v e  fuming o f  the
s o lu t io n ,  th e  h e a t in g  m an tle  was removed and th e  te m p e ra tu re  of
the  r e a c t i o n  m ix tu re  m a in ta in ed  below 100°C by c o o l in g  w i th  i c e - w a te r .
When the  r e a c t i o n  ceased  (30-45 m in . ) ,  th e  now dark  red  s o lu t i o n
was t r a n s f e r r e d  to  a d ry  o x y g e n -f re e  a p p a ra tu s  in  which d ry  argon
was bubbled th ro u g h  th e  h o t  m ix tu re .  Th is  c o o l in g  e f f e c t  caused
a b r i g h t  re d -o ra n g e  s o l i d  to  p r e c i p i t a t e .  The s o l id  was f i l t e r e d
«•. «
under argon , washed s e v e r a l  t im es  w i th  d ry  carbon  t e t r a c h l o r i d e ,  
in  which i t  i s  s l i g h t l y  s o l u b l e ,  and then  vacuum d r i e d .  An 
a l t e r n a t e  p ro ced u re  may be used to  i s o l a t e  the  complex a f t e r  the  
exo therm ic  r e a c t i o n  has su b s id e d .  The d a rk  red  s o l u t i o n  may be 
cooled  s e v e r a l  hou rs  in  an  i c e - w a te r  b a th  to  e f f e c t  p r e c i p i t a t i o n  
o f  th e  complex. When t h i s  method i s  employed, the  c r y s t a l  p a r t i c l e s  
a r e  much l a r g e r  and a r e  d a rk  r e d  in  c o lo r .  The compound, in  e i t h e r  
c a s e ,  i s  ex tre m e ly  s e n s i t i v e  t o  m o is tu re ,  fuming when exposed to  
th e  a tm osphere .
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UCjfci-'TCAC i s  s t a b l e  i n d e f i n i t e l y  in  a d ry  i n e r t  a tm osphere .
I t  i s  s l i g h t l y  s o lu b le  in  carbon t e t r a c h l o r i d e  and ch lo ro fo rm  and i s  
s o lu b le  in  benzene , carbon d i s u l f i d e  and th io n y l  c h lo r id e .
D is p ro p o r t io n  o ccu rs  r a p i d l y  i n  d im e th y l  s u l f o x id e  as  w e l l  as in  
w a te r ,  a lc o h o l s  and am ines. The compound m e lts  a t  147-149°C in  
a s e a le d  tube  and i t s  m agnetic  moment a t  300°K was measured a s  1 .54  BM.
A n a ly s is  f o r  U C ^ 'C g C ^O : Found: U, 4 0 .0 ;  Cj&, 2 9 .8 .
C a lc 'd :  U, 3 9 .1 ;  CA, 29 .1  (w a te r  s o lu b le  c h l o r i d e ) .
U ran iu m /ch lo r in e  r a t i o  i s  1 :4 .9  f o r  th e  w a te r  s o lu b le  
c h lo r id e  c o n te n t .
RbUCji .^ [Rubidium h ex ach lo ro u ran a te (V )  ]
A weighed amount o f  UCA^’TCAC was d i s s o lv e d  in  t h io n y l  
c h lo r id e  under argon  p roduc ing  a red  s o l u t i o n .  Dry RbCX was th en  
added ( 1 : 1  m olar r a t i o )  c au s in g  a deep y e llo w  c o l o r a t i o n  o f  th e  
m ix tu re .  S t i r r i n g  o f  the  r e a c t i o n  m ix tu re  was accom plished  by 
b u b b lin g  argon  th ro u g h  the  s o l u t i o n .  A f t e r  a p p ro x im a te ly  15 m inutes  
d ry  carbon d i s u l f i d e  was added, e f f e c t i n g  th e  p r e c i p i t a t i o n  o f  a 
b r i g h t  y e llow  s o l i d .  T h is  s o l id  was f i l t e r e d  and washed w i th  CS2 
under a rgon  and vacuum d r i e d .  The compound, RbUCj&g, i s  e x tre m e ly  
s e n s i t i v e  to  m o is tu re  and oxygen bu t i t  i s  q u i t e  s t a b l e  under a rg o n .
I t  d id  n o t  m elt  up to  280°C in  a s e a le d  c a p i l l a r y .
A n a ly s is  f o r  RbUCjG :^ Found; U, 4 4 .4 ;  C 37. 9.
C a l c 'd : U, 4 4 .3 ;  Cj&, 3 9 .7 .
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P r ^NUCj^ [T etrapropylam m onium hexachlorouranate(V ) ]
T h is  compound was p rep a red  in  a manner s i m i l a r  to  t h a t
d e s c r ib e d  above f o r  RbUCA,. However, b e fo re  a d d i t i o n  o f ’CS_ to6 *  2
e f f e c t  p r e c i p i t a t i o n ,  th e  SOC.^ s o l u t i o n  must be c o n c e n tra te d  by
vacuum e v a p o r a t io n  because  of th e  h ig h  s o l u b i l i t y  of Pr^NUCjJ^ in
th io n y l  c h l o r i d e .  The s t a b i l i t y  o f  t h i s  compound i s  g r e a t e r  than
t h a t  o f  RbUCA, o r UCi_*TCAC. However, i t  decomposes w i th in  seconds o 5
i f  exposed to  th e  a tm osphere .
A n a ly s is  f o r  Pr^NUCXg: Found: U, 3 7 .6 ;  CA, 3 3 .2 .
C a l c 'd :  U, 3 7 .4 ;  Cj&, 3 3 .4 .
C. RESULTS AND DISCUSSION
1. E l e c t r o n i c  A b so rp tio n  Data
A b so rp t io n  s p e c t r a  o f  th e  a c t i n i d e s  in  th e  v i s i b l e  and 
n e a r - i n f r a r e d  r e g io n s  of th e  spec trum  a re  c h a r a c t e r i z e d  by th e  
p re sen c e  of s e v e r a l  v e ry  sh arp  narrow bands o f  r e l a t i v e l y  low 
i n t e n s i t y .  The observed  s p e c t r a  f o r  th e  la n th a n id e  and a c t i n i d e  
m eta l io n s  have been a s c r ib e d  to  t r a n s i t i o n s  a r i s i n g  w i th in  th e  
4 f  and 5f e l e c t r o n i c  l e v e l s ,  r e s p e c t i v e l y .  The i n t e n s i t i e s  o f  the  
5 f  e l e c t r o n i c  a b s o r p t io n  bands have been found to  be a p p ro x im a te ly  
te n  t im es  g r e a t e r  th a n  those  o f  the  4 f  e l e c t r o n s .  T h is  e f f e c t  i s  
a t t r i b u t e d  to  th e  g r e a t e r  s h i e l d in g  o f th e  4 f  l e v e l s  by o u te r  
ly in g  e l e c t r o n s .  T h is  s h i e l d in g  d e c r e a s e s  th e  p e r t u r b a t i o n  o f  
th e  4 f  l e v e l s  by th e  s u r ro u n d in g  l ig a n d  f i e l d s .
A lthough e l e c t r o n i c  t r a n s i t i o n s  between l e v e l s  w i th  
th e  same quantum number S> a re  LaPorte  f o r b id d e n ,  v a r io u s  mechanisms 
in v o lv in g  e l e c t r o n i c  c r y s t a l  f i e l d  and c o n f ig u r a t i o n  i n t e r a c t i o n s  
make th e  t r a n s i t i o n s  p o s s i b l e .  The a b s o r p t io n  spec trum  i s  d i r e c t l y  
r e l a t e d  to  th e  number o f  te rm s a r i s i n g  from a p a r t i c u l a r  e l e c t r o n  
c o n f ig u r a t io n .  The number o f  bands p o s s ib le  i s  eq u a l  to  th e  number 
o f  e x c i t e d  s t a t e  te rm s . For th e  f r e e  U(V) io n ,  a 5f^ system , on ly  
one e x c i t e d  s t a t e  te rm  a r i s e s  and hence on ly  one t r a n s i t i o n  i s  
p r e d i c t e d ,  v i z . 2^ 5/ 2 “* 2f 7 / 2 * The f r e e ion  s p l i t t i n g s ,  due to
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e l e c t r o n i c  i n t e r a c t i o n s  and s p i n - o r b i t  c o u p l in g ,  a re  a f f e c t e d  a l s o  
by th e  f i e l d s  g e n e ra te d  by th e  p re sen ce  o f  su r ro u n d in g  io n s  o r  
d i p o l e s .  These f i e l d s  e f f e c t i v e l y  d i s t o r t  th e  f r e e - i o n  e l e c t r o n i c  
wave f u n c t io n s  and g iv e  r i s e  to  l ig a n d  f i e l d  s p l i t t i n g s  o f  th e  o rd e r  
o f  s e v e r a l  thousand wavenumbers. In  th e  a c t i n i d e  io n s ,  a l l  t h r e e  
p e r tu r b in g  e f f e c t s ,  i . e . ,  c r y s t a l  f i e l d ,  s p i n - o r b i t  and e l e c t r o n i c  
i n t e r a c t i o n s ,  must be c o n s id e re d  in  c a l c u l a t i o n s  in v o lv in g  th e  
e l e c t r o n i c  f  l e v e l s .  T h is  c o m p lic a te s  the  H am ilton ian  and makes 
d e t a i l e d  i n t e r p r e t a t i o n  o f  5 fn s p e c t r a  v e r y  d i f f i c u l t .  The 5f^ 
system  i s  s im p l i f i e d  however, f o r  th e  term s in v o lv in g  i n t e r e l e c t r o n  
r e p u l s i o n s  v a n i s h .
The fo l lo w in g  s i t u a t i o n s  may a r i s e  when c o n s id e r in g  th e  
r e l a t i v e  m agnitudes  o f  the  v a r io u s  i n t e r a c t i o n s :
1) C r y s t a l  f i e l d  < s p i n - o r b i t  <  e l e c t r o n i c  r e p u l s i o n .
T h is  i s  t y p i c a l  o f  the  4 f  la n th a n id e  io n s .
2) S p in - o r b i t  < c r y s t a l  f i e l d  < e l e c t r o n i c  r e p u l s i o n .
T h is  s i t u a t i o n ,  c a l l e d  th e  " w e a k - f ie ld "  c a s e ,  i s  
common to  the  d - e l e c t r o n  t r a n s i t i o n  m eta l io n s ,  
p a r t i c u l a r l y  3d.
3) S p i n - o r b i t  < e l e c t r o n i c  r e p u l s io n  <  c r y s t a l  f i e l d .
T h is  i s  u s u a l l y  r e f e r r e d  to  as  th e  " s t ro n g  f i e l d "  
c a s e ,  found a l s o  i n  d - e l e c t r o n  io n s ,  p a r t i c u l a r l y  
4d and 5d.
4) S p in - o r b i t  «  c r y s t a l  f i e l d  &  e l e c t r o n i c  r e p u l s i o n .
T h is  i s  th e  " in te r m e d ia t e  f i e l d "  case  and i s  p r e v a le n t  
i n  the  5 fn io n s .
The n e a r - i n f r a r e d  e l e c t r o n i c  a b s o r p t io n  s p e c t r a  o f  U(V)
( 5f^ )  should  lend  i t s e l f  most e a s i l y  t o  i n t e r p r e t a t i o n  because  of
th e  p re sen ce  o f  on ly  one 5f e l e c t r o n .  Because t h e r e  i s  o n ly  one
e x c i t e d  s t a t e  te rm  f o r  t h i s  c o n f i g u r a t i o n  one should  observe
a s i n g l e  e l e c t r o n i c  band due to  th e  ^ 5 / 2  ^ 7 / 2  t r a n s :^t:‘-on* T h is
3+ 1i s  g e n e r a l ly  th e  case  in  Ce (4 f  ) e l e c t r o n i c  s p e c t r a .  However, 
due to  c r y s t a l  f i e l d  and s p i n - o r b i t  i n t e r a c t i o n s  th e  l e v e l s  a re  
s p l i t  f u r t h e r  and a d d i t i o n a l  bands a r e  o b se rv ed .  New uranium(V) 
compounds p rep a red  by th e  a u th o r  in c lu d e  RbUCAg, n-Pr^NUCj&g, and 
UCjJg*TCAC. The f i r s t  two compounds c o n ta in  th e  UCjfcg e n t i t y  w i th  
th e  U(V) in  o c ta h e d ra l  symmetry, w hereas  in  th e  l a t t e r  complex 
th e  U(V) i s  presum ably in  a C^v symmetry s i t e  ( s e e  d i s c u s s io n  on 
IR  d a ta  o f  UC^'TCAC). T h e re fo re ,  i t  i s  o f  i n t e r e s t  t o  d e te rm in e  
how th e  f r e e  io n  ^ 5 / 2  an<  ^ ^*7 /2  ^e v e ^s a r e  s P l i-t  an  o c ta h e d r a l  
c r y s t a l  f i e l d .  This may be accom plished  u s in g  r e l a t i v e l y  sim ple  
group t h e o r e t i c a l  methods as  o u t l in e d  by C o t t o n ^ .
The fo l lo w in g  p rocedure  w i l l  be fo llow ed  ( s e e  Appendix I ) .  
S ince  J  i s  h a l f  i n t e g r a l ,  t h i s  n e c e s s i t a t e s  th e  use  o f  double  g ro u p s .  
F i r s t  the  c h a r a c te r s  f o r  the  new o p e r a t io n s  o f  th e  double  group must 
be o b ta in e d  f o r  the  r e d u c ib le  r e p r e s e n t a t i o n s  r ^ / 2  an(* ^ 7 / 2 * A f te r
70. F.A. C o tto n ,  "Chemical A p p l i c a t io n s  o f  Group T heory" , 
John W iley and Sons, I n c . ,  New York, N .Y ., 1963.
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t h i s  i s  a ccom plished , we w i l l  th en  de te rm in e  th e  i r r e d u c i b l e  s t a t e s  
w hich  be long  to  th e  r e d u c ib le  r e p r e s e n t a t i o n s  as  found above.
These i r r e d u c i b l e  s t a t e s  w i l l  be th e  l e v e l s  which a r i s e  from th e  
s p l i t t i n g  o f  th e  ^ 5 / 2  and ^ 7 / 2  te rm s :i‘n o c ta h e d r a l  symmetry.
Using th e  methods d is cu s s ed  by C o tton  ( d e t a i l e d  e x p la n a t io n  ap p ea rs  
i n  Appendices I  and IX) we a r r i v e  a t  the  fo l lo w in g  l i s t  o f  c h a r a c t e r s  
f o r  th e  r e d u c ib le  r e p r e s e n t a t i o n s  of an^
4C3 AC* 3C2 3C.4 3C3 6C2
o ' E R 4 C3R 4C3R 3C2R 3C4 3C4 6C'R
r 5 /2 6 - 6 0 0 0 - / 2 / 2 0
r 7 /2 8 - 8 1 - 1 0 0 0 0
Having now o b ta in e d  the c h a r a c t e r s  f o r  th e  new o p e r a t io n s  o f  the
doub le  g roup , we a r e  in  a p o s i t i o n  t o  d e te rm ine  th e  s p l i t t i n g  o f
th e  ^ 5 / 2  anc* ^ 7 / 2  te rm s* This  i s  c o n v e n ie n t ly  accom plished  by 
u s in g  a s ta n d a rd  form ula  (see  Appendix I I ) .  The r e s u l t  i s  t h a t  
th e  r 5 / 2  l e v e l  i s  reduced to  two s t a t e s ,  rg (G 7) and r^ ( E g ) .  A lso  
we f in d  t h a t  th e  T l e v e l  i s  s p l i t  i n to  th re e  s u b le v e l s  d e s ig n a te d
r 6 (E2>> r 7 (E3> and r 8 (G//>*
r 5 /2  "  r 7 + r 8
r 7 /2  ^ r 6 + T7 + r 8
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An en e rg y  l e v e l  d iagram  may be drawn Co i l l u s t r a t e  th e  
v a r i o u s  l e v e l s  o b ta in e d  by th e  p re c e e d in g  method ( s e e  F ig .X V ). The 
a c t u a l  o r d e r  o f  th e  r e s u l t i n g  l e v e l s  must be de te rm ined  by s o lv in g  
th e  a p p r o p r i a t e  wave e q u a t io n s .  C a l c u la t io n s  by Goodman^*" d em onstra te
t h a t  th e  r e l a t i v e  o r d e r in g  o f  th e  l e v e l s  i s  a s  p ic tu r e d  in  F ig u re  XV.
71 72 73In  F ig u re  XVI, a d iagram  by Goodman and o th e r s  * i s  re p ro d u ced ,
showing th e  e f f e c t s  on the  f r e e  io n  en e rg y  l e v e l s  w i th  in c r e a s in g
f i e l d  s t r e n g t h .
The 5 fn io n s  be long  to  th e  in te r m e d ia te  f i e l d  case  and we 
would t h e r e f o r e  p r e d i c t  fo u r  t r a n s i t i o n s  to  be p o s s ib le  in  U(V) 
s p e c ie s  ( r 7 -* Tg, r 7 -* T!j, Ty -* Tg and T7 -» T g ) , in  w hich th e  lone  
5 f  e l e c t r o n  r e s i d e s  in  th e  low est d o u b le t  T7 l e v e l  in  th e  ground 
s t a t e .  E x p e r im e n ta l ly ,  however, n o t  fo u r  bands b u t  fo u r  groups o f  
bands a r e  o b se rv ed .  These a d d i t i o n a l  bands a r e  m ain ly  the  r e s u l t  
o f  v i b r o n i c  t r a n s i t i o n s .  The fo u r  groups o f  bands f o r  th e  new U(V) 
compounds RbUCj&g, Pr^NUCAg and UCj&,.»TCAC in  th e  n e a r - i n f r a r e d  re g io n  
a r e  lo c a te d  around 3800-4400, 6900, 9800 and 11,700 cm ^ ( s e e  Table 
XVI).
The io n  UCAg i s  o c ta h e d r a l  and b e lo n g s  to  the  p o in t  group 
0^ . The number o f  d eg re e s  o f  i n t e r n a l  freedom i s  3n-6=15, where
71. G.L. Goodman, Ph.D. T h e s i s ,  Harvard U n iv e r s i ty ,  1959.
72. J .D .  Axe, Ph.D. T h e s i s ,  U n iv e r s i ty  o f  C a l i f o r n ia  
( B e rk e le y ) ,  1960.
73. C.H. H u tch inson , J r .  and B. W einstock , J_j_ Chem. P hys . . 
32, 56 (1 9 6 0 ) .
FIGURE XV
Energy l e v e l  d iagram  of a 5f^ system  in  0^ symmetry
/ ?
FIGURE XVI 
F i e l d  e f f e c t s  on th e  energy  l e v e l s  o f  a 5f e l e c t r o n
EField Strength
n=7 f o r  th e  o c ta h e d ra l  c a s e .  Using group t h e o r e t i c a l  methods we
The a c t i v i t i e s  o f  t h e i r  fundam enta ls  a re  d e te rm in ed  e a s i l y  by 
c o n s u l t in g  th e  group t a b l e  f o r  0^ . The r e s u l t s  so o b ta in e d  a re  
l i s t e d  below.
Assignment of Bands
B efore  a s s ig n in g  th e  i n d i v i d u a l  b an d s ,  l e t  us rev iew  
some of the  t h e o r e t i c a l  p r e d i c t i o n s  which have been  pu t forw ard  by
74. C .J .  B a l lh au se n ,  " I n t r o d u c t i o n  to  Ligand F i e l d  Theory", 
McGraw-Hill Book C o., I n c . ,  New York, N .Y ., 1962, p . 200.
75. J .C .  E i s e n s t e in  and M.H.L. P ry c e ,  P ro c .  Roy. S o c . . 
(London), A255, 181 (1960) .
76. D.G. K a r ra k e r ,  In o rg .  Chem.. ,3, 1618 (1 9 6 4 ) .
o b t a in  th e  fo l lo w in g  normal modes; 2T^u ,
I n f r a r e d - a c t i v e :  2Tlu
R am an-active:
I n a c t i v e :
The u su a l  d e s ig n a t io n s  o f  the  v a r io u s  r e p r e s e n t a t i o n s  a r e  A
s e v e r a l  a u t h o r s ^ ’ ^ ’ ^ .
(1) The d o u b le t  l e v e l s  ( r ^ ,  Tg) a r i s i n g  from K ram er 's  
degeneracy  a re  p r e d ic te d  to  be s t a b i l i z e d  by s p i n - o r b i t
co u p lin g  and would be u n a f f e c te d  by J a h n - T e l l e r
d i s t o r t i o n s
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(2 ) J a h n - T e l l e r  e f f e c t s  a re  im p o r ta n t  i n  th e  b e h a v io r  of
Tg l e v e l s  (q u ad ru p ly  d e g e n e r a te ) .  These l e v e l s  a re
p r e d ic te d  t o  s p l i t  i n to  two d o u b le ts  when th e  o c tah ed ro n
75d i s t o r t s .  Rough c a l c u l a t i o n s  by E i s e n s t e i n  and Fryce 
i n d i c a t e  t h a t  th e  s p l i t t i n g  would be o f  c o n s id e r a b le  
m agnitude . The Tg l e v e l s  may a l s o  i n t e r a c t  w i th  th e  
v i b r a t i o n  modes to  produce weak, broad  a b s o r p t io n  bands.
(3) V ib r a t io n a l  s e l e c t i o n  r u l e s  i n d i c a t e  t h a t  th e  t o t a l l y  
symmetric v i b r a t i o n a l  mode A ^  can coup le  w i th  the  
e l e c t r o n i c  t r a n s i t i o n s  to  produce bands o f  g r e a t l y  
d im in ish ed  i n t e n s i t y .
(4) The odd v i b r a t i o n a l  modes o f  th e  m o lecu le  a r e  p r e d ic te d  
to  couple  most s t r o n g ly  w i th  th e  e l e c t r o n i c  t r a n s i t i o n s .
(5) F o r  a 0 -* 0 t r a n s i t i o n  o f  f r eq u e n cy  v Q, and v i b r a t i o n a l  
f req u e n cy  v ,  bands of f req u e n cy  v q + v  and VQ- v  should
be o b ta in e d  whose i n t e n s i t i e s  a r e  a p p ro x im a te ly  in
.. . .  c hv/kT .th e  r a t i o  of e : 1 .
The a b s o r p t io n  band found a t  315 cm ^ i n  th e  f a r - i n f r a r e d
i s  a s s ig n e d  to  th e  h ig h e s t  i n f r a r e d - a c t i v e  mode T h is  compares
-1  2 -  77 - 1  -  78w ith  v a lu e s  o f  258 cm in  UCjfcg and 503 cm in  UFg . We may
th e n  e x p e c t  co u p lin g  to  o ccu r  between e l e c t r o n i c  s t a t e s  and one
77. R.A. S a t t e n ,  D. Yound and D.M. Gruen, J .  Chem. P h y s . . 
33 ,  1140 (1 9 6 0 ) .
78. M .J. R e i s f e ld  and G.A. C rosby, In o r g .  Chem.. 4 , 65
(1 9 6 5 ) .
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quantum o f  (and o th e r  odd v i b r a t i o n a l  m odes).
L e t us c o n s id e r  f i r s t  th e  n e a r - i n f r a r e d  a b s o r p t io n  spec trum
o f Pr?NUCj£, in  t h i o n y l c h l o r i d e  s o lu t i o n  ( s e e  T ab le  XVI and F ig u r e s  VI 4 o
and XIX). The broad  i l l - d e f i n e d  band a t  3800 cm ^ w i l l  be a s s ig n e d
a s  th e  r ,  -* To t r a n s i t i o n .  T h is  band i s  weak and broad  a s  a n t i c i p a t e d  7 o
f o r  the  q u a r t e t  l e v e l s .  The n ex t  group o f  bands c e n te re d  around 
6793 cm ^ may be i n t e r p r e t e d  in  the  fo l lo w in g  m anner. We n o te  a 
p a i r  o f  weak bands ±312 cm ^ from th e  c e n te r  s p ik e ,  a second p a i r  
o f  s l i g h t l y  s t r o n g e r  peaks ±1 2 1  cm ^ from th e  c e n t r a l  peak and a 
t h i r d  p a i r  o f  even more in te n s e  bands lo c a te d  92 cm ^ on e i t h e r  
s id e  o f  th e  6793 cm * peak . We may a s s ig n  th e  Ty — Ty (0  -» 0) 
t r a n s i t i o n  to  be th e  main peak in  th e  c l u s t e r  o f  bands (6793 cm ^ ) .
I t  th e n  rem ains  to  c a l c u l a t e  the  i n t e n s i t y  r a t i o s  of th e s e  v i b r o n i c  
bands and compare the  r a t i o s  to  the  e x p e r im e n ta l  r e s u l t s .  S a t i s f a c t o r y  
agreem ent would su p p o r t  th e  a ss ignm en t a s  v q + v  and VQ~ v  t r a n s i t i o n s  
a s  d is c u s s e d  in  (5) above. In  Table  XVII a r e  l i s t e d  th e  c a l c u l a t e d  
and e x p e r im e n ta l  i n t e n s i t y  r a t i o s  a long  w i th  th e  a ss ig n m e n t  of the  
odd v i b r a t i o n a l  mode in v o lv e d .  The agreem ent betw een th e  c a l c u l a t e d  
and e x p e r im e n ta l  r e s u l t s  i s  seen  to  be q u i t e  good. I n  com parison ,
th e  t h r e e  odd v i b r a t i o n a l  modes which have been observed  t o  couple
2- 2 77w i th  e l e c t r o n i c  t r a n s i t i o n s  in  UCAg ( 5 f  ) s p e c ie s  by S a t t e n
a r e  258 cm \  114 cm * (2T^y) and 94 cm * ( 3 ^ ) *  The T^  mode
in v o lv e s  on ly  a n g le  d e fo rm a tio n s  and would n o t  be ex p ec ted  to  d i f f e r
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TABLE XVII
INTENSITY RATIOS AND VIBRONIC BANDS IN THE T,  -  Y i
TRANSITION IN Pr?NUCje,------------------  4--------6
C a lc u la te d  I n t e n s i t y  R a t io  E xp erim en ta l  R a t io  Assignment
( e h v /k T : l )
(312  cm"1) 4 .5 :1  5:1 Tl u ( V
( 1 2 1  cm"1) 1 . 7 8 : 1  1 . 6 : 1  Tl i / V
( 92 cm '1) 1 .5 5 :1  1 .3 :1  T . ( v jZu 6
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FIGURE XVII
V ib ro n ic  en erg y  l e v e l s  f o r  th e  T-. -♦ Tn t r a n s i t i o n  in  RbUCA,/ 7 6
i i
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g r e a t l y  in  the  U(IV) and U(V) s p e c i e s .  However, w i th  th e  in c re a s e d
n u c le a r  charge  in  th e  U(V) h e x ach lo ro  s p e c i e s ,  a v i b r a t i o n  in  which
th e  U-CA bonds a re  s t r e t c h e d  would be ex p ec ted  to  o ccu r  a t  a h ig h e r
e n e rg y  th a n  th e  U(IV)-Cj6 s t r e t c h i n g  modes. The two T^u modes b o th
in v o lv e  bond s t r e t c h i n g  and a re  h ig h e r  in  each  case  a s  expec ted
(s e e  F ig u re  X V II).
F u r th e r  c o n f i rm a t io n  of th e  above a ss ig n m en ts  was o b ta in e d
by u t i l i z i n g  low te m p e ra tu re  s p e c t r a .  A s o l u t i o n  of RbUCA- in  SOCA-
o 2
was coo led  by u s in g  a t o l u e n e - l i q u i d  n i t r o g e n  s lu s h  a s  a c o o l in g
a g e n t .  Upon c o o l in g ,  the  th r e e  v ib r o n i c  bands on th e  low energy
s id e  o f  th e  0 -♦ 0  band d e c re a se  i n  i n t e n s i t y ,  w hereas th e  th re e
bands on th e  b lu e  s id e  o f  th e  0 -+ 0 band in c r e a s e  s l i g h t l y  in
i n t e n s i t y .  I n  a d d i t i o n ,  th e  0 -♦ 0 band i n t e n s i t y  a l s o  in c r e a s e s
a t  th e  lower te m p e ra tu re .  The i n t e n s i t y  r a t i o s  found a t  th e  lower
te m p e ra tu re  a re  ~10:1  f o r  the  312 cm ^ bands, 1 .8 :1  f o r  th e  121 cm *
b an d s ,  and 1 .6 :1  f o r  the  92 cm ^ ban d s .  S ince  th e  e x a c t  tem p era tu re
i s  no t known, i t  i s  no t p o s s ib le  to  compare w i th  c a l c u l a t e d  v a lu e s ,
however, i t  i s  s i g n i f i c a n t  t h a t  a l l  band i n t e n s i t y  changes a t  the
lowered te m p e ra tu re  a r e  a s  p r e d ic t e d .
The n ex t  l e v e l  o f  i n t e r e s t  i s  th e  q u a r t e t  r o* I t  haso
been  p r e d i c t e d ,  a s  no ted  e a r l i e r ,  t h a t  th e  q u a r t e t  w i l l  s p l i t  i n t o
two d o u b le t s  upon o c ta h e d r a l  d i s t o r t i o n .  W ith t h i s  i n  mind we may
a s s i g n  th e  two broad bands a t  10,450 cm * and 9911 cm * as due to
th e  -♦ To t r a n s i t i o n s  in  which To i s  now s p l i t  i n t o  two l e v e l s  /  o o
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s e p a r a te d  by 539 cm A d d i t io n a l  su p p o r t  f o r  t h i s  a ss ig n m e n t ,
a l th o u g h  n o t  c o n c lu s iv e ,  i s  t h a t  th e  two bands a re  o f  n e a r ly
i d e n t i c a l  i n t e n s i t y  and sh ap e . I f  th e  t r a n s i t i o n s  were v i b r o n i c ,
e q u a l  i n t e n s i t i e s  would n o t  be ex p ec te d .
The f i n a l  band i s  lo c a te d  a t  11,521 cm  ^ w i th  a weak
sh o u ld e r  a t  11,820 cm ■*■. T h is  s t ro n g  band w i l l  be a s s ig n e d  a s
th e  r ,  TV t r a n s i t i o n .  The low i n t e n s i t y  sh o u ld e r  may be due to  7 o
a c o u p l in g  w i th  th e  v i b r a t i o n a l  mode. The on ly  s u p p o r t in g
ev id en ce  f o r  t h i s  a ss ig n m en t i s  i t s  weak i n t e n s i t y  and i t s  r e c u r r e n c e
in  th e  o th e r  U(V) compounds.
No l i t e r a t u r e  d a ta  on th e  Ram an-active v i b r a t i o n s  could
be found f o r  th e  sake o f  com parison . The above d i s c u s s i o n s ,  a l th o u g h
d e a l in g  w i th  n-Pr^NUCj&g, h o ld s  t r u e  a l s o  f o r  RbUC^g s in c e  b o th
compounds produced i d e n t i c a l  s p e c t r a .
In  summary t h e r e f o r e ,  we have a s s ig n e d  th e  fo u r  t r a n s i t i o n s
p r e d ic te d  f o r  a f^  e l e c t r o n  in  o c ta h e d ra l  symmetry a lo n g  w i th  the
th r e e  ungerade v i b r a t i o n a l  modes and the  A ^  symmetric mode o f  th e
UC£  io n .6
Turning  now to  th e  s p e c t r a  of UC^5- TCAC i t  i s  i n t e r e s t i n g  
t o  o bserve  th e  m agnitude o f  th e  s p l i t t i n g  of the  r i  ( q u a r t e t )  l e v e l .O
I t  would be expec ted  t h a t  t h i s  l e v e l  would undergo s p l i t t i n g  o f 
g r e a t e r  m agnitude th a n  th e  Tg l e v e l  in  UCjfcg because  o f th e  lower 
symmetry (0^  to  C^v ) . In  th io n y l  c h lo r id e  s o l u t i o n ,  th e  s e p a r a t io n
TABLE XVI
NEAR-INFRARED ABSORPTION BANDS (c m '1) OF SOME U(V) COMPOUNDS IN VARIOUS SOLVENTS
RbUCjfcg Pr^NUCA,. 4 6 UCj&5*TCAC Assignment
s o c a 2 so cx 2 S0Cj&2 C6H6 CS2 CCA.4
L l ,8 0 6 sh
11,520s
1 1 ,820sh 
11 ,521s
1 1 ,990sh 
11,751s
l l , 9 2 6 s h
11,675s
l l , 9 6 1 s h
11,710s
l l , 9 6 9 s h
11,682s
r  -♦ r
l 7 l 6
10 ,438br
9 ,9 0 6 b r
10 ,450br 
9 , 911br
10 ,417br 
9 , 592br
10 ,357br 
9 ,5 7 8br
1 0 ,277br 
9 , 381br
10 ,395br 
9 ,47 8b r
r  -  r 7 
7 l 8
7 , llOw 7 , 112w 7 , 102w 7|097w 7,097w 7,082w
6 , 920m 6,920m 6,877m 6 , 859m 6 , 850m 6,849m
6,896s 6 , 8 8 7 s 6 ,863sh 6,833m 6 , 831m 6 , 826m
6,794s 6 ,793s 6 ,784s 6 ,757s 6 ,757s 6 ,752s r 7 "* r 7
6 , 7 0 2 s 6 , 7 0 2 s 6 , 680m 6 , 667m 6,700m
6,677sh 6 ,677sh 6 , 663m 6 , 662m
6 , 485w 6 , 489w 6,451w 6,435w
4 , 545sh
3 , 800br 3 ,8 0 0 b r 4,479m 4 , 464m
4,407m r 7 - r 8
4,407m
4 , 237sh 4 ,184s
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FIGURE XVIII
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i s  549 cm ^ f o r  Pr^UCj&g v e r s u s  825 cm * f o r  UCj&,-*TCAC. The g r e a t e s t  
s e p a r a t i o n  o f  th e  To d o u b le t s  in  UCjJ *TCAC o ccu rs  in  carbon d i s u l f i d e ,O D
where th e  d i f f e r e n c e  i s  896 cm In  o th e r  s o lv e n t s  the  v a lu e s  a r e
817 cm  ^ in  carbon  t e t r a c h l o r i d e  and 779 cm ^ in  benzene . The
re a so n  f o r  th e s e  changes i s  n o t  a t  a l l  c l e a r .  However, because  the
To l e v e l s  tend  to  s p l i t  in  sym m etries lower than  0 , , i t  may be t h a t  o n
th e s e  en erg y  l e v e l  d i f f e r e n c e s  r e f l e c t  th e  symmetry low ering  or 
m agnitude of d i s t o r t i o n  from o c ta h e d r a l  symmetry.
2. V i b r a t i o n a l  Data
A proposed  complex o f u ran ium (V ), r e p o r te d  by Panzer and 
S u t t l e " ^ ,  and fo rm u la ted  by them w i th  a r a t h e r  odd s to ic h io m e t r y :  
SU C ^’ CCj^C = CCACOCA, ap p ea rs  to  be i n c o r r e c t .  Work perform ed by 
t h i s  a u th o r  i n d i c a t e s  t h a t  th e  pure  o ra n g e -re d  complex i s  i n  f a c t  
UCj&,-*CC.i&2 = CCAC0C4. The r e p o r te d  e l e c t r o n i c  a b s o r p t io n  spec trum  
i n d i c a t e s  t h a t  t h e i r  compound c o n ta in s  much U(IV) ( s t r o n g  bands 
between 600-700 mp,).
I n f r a r e d  d a ta  on t h i s  complex was found to  be most h e l p f u l  
in  answ ering  two q u e s t i o n s .  F i r s t ,  how i s  th e  l ig a n d  c o o rd in a te d  
to  th e  U(V) ion?  Two most l i k e l y  p o s s i b i l i t i e s  in c lu d e  fo rm a tio n  
o f  a d a t i v e  bond in v o lv in g  th e  oxygen of th e  a c id  c h lo r id e  
[ C=-=-=0 -» UCjJ,.] o r  an i o n i c  bond in v o lv in g  a s t r u c t u r e  o f  th e  type  
[ -C===0]+ [UCj&g] . Second, what i s  th e  n a tu r e  o f th e  u ra n iu m -c h lo r in e
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i n f r a r e d  a c t i v e  s t r e t c h i n g  mode and how does i t  compare w i th  
r e p o r te d  v a lu e s  o f  o th e r  U(V) compounds?
B efore  p ro c e ed in g  f u r t h e r ,  i t  must be no ted  t h a t  th e  l ig a n d  
( t r i c h l o r o a c r y l y l  c h lo r id e )  i s  an a c y l  h a l id e  and v e ry  l i t t l e  i s  
known of th e  com plexing b e h av io r  o f  t h i s  whole c l a s s  of compounds. 
T h e r e f o r e ,  i t  w i l l  be w o rth w h ile  to  b r i e f l y  rev iew  th e  s c a n t  
l i t e r a t u r e  a v a i l a b l e  on a d d i t i o n  compounds o f  m e t a l l i c  s a l t s  and 
a c id  c h l o r i d e s .
79“ 82Susz and co -w orkers  have s tu d ie d  th e  i n f r a r e d  s p e c t r a
o f 1 : 1  a d d i t i o n  compounds formed between a c id  c h lo r id e s  and TiCjG^
and k5X>SLy The v a r io u s  a c y l  h a l i d e s  used in c lu d e d  a c e t y l ,  p ro p io n y l ,
benzoy l and s u b s t i t u t e d  benzoyl c h l o r i d e .  The i n f r a r e d  s p e c t r a  of
CgH^COCA*TiCA^ and CgH^COCA'AACjl^ show a lo w erin g  o f the  ca rb o n y l
s t r e t c h i n g  f re q u e n c y ,  i n d i c a t i n g  c o o r d in a t io n  v ia  th e  oxygen atom.
As m ethyl groups a r e  s u b s t i t u t e d  on to  the  r i n g  of benzoyl c h lo r id e ,
bands b eg in  to  a p p e a r  a t  h ig h e r  e n e rg y , i n d i c a t i n g  th e  p re sen ce  of
the  L - C = O J  e n t i t y  and th e  fo rm a tio n  of an i o n i c  bond. In
O-CHoC,H_COCX*A^Cj0o bands a p p e a r  a t  2200 cm  ^ and a l s o  around j  b 5 J
1585 cm \  presum ably  due to  the  p resen ce  o f  b o th  types  o f  bonding , 
i o n i c  and d a t i v e .  In  o ,o '(C H ^) 2 0 ^11^ 0 0 0 jJ«TiCX^ and Ojo'CCH^) 2^ ^ 0 0 0 .&• A
79. B .P. Susz and J . J .  Wuhrmann, Helv . chim. A c ta , 40, 975
(1 9 5 7 ) .
80. B .P . Susz, P. Gagnaux and D. C u ss im a tes ,  Helv. chim.
A c ta . 43 . 424 (I960 ) '.
81. B .P . Susz and D. C a s s im a t is ,  Helv . chim. A c ta . 4 4 .395 (1 9 6 1 ) .
82. B .P . Susz and D. C a s s im a t is ,  Helv. chim. A c ta . 4 4 .943 (1 9 6 1 ) .
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the  in te n s e  band a t  2190 cm  ^ i n d i c a t e s  predominance o f  th e  io n ic
form. I t  ap p ea rs  from t h e i r  work th a t  th e  p re f e re n c e  f o r  a c o v a le n t
or io n ic  bond i s  g r e a t l y  a f f e c t e d  by th e  s t e r i c  e f f e c t s  o f  the
s u b s t i t u t e d  m ethyl g ro u p s .  In  CH^COCj^TiCj^, th e  ca rb o n y l s t r e t c h i n g
frequency  i s  lowered a lm o s t  2 0 0  cm * (1802 to  1620 cm from the
f r e e  l ig an d  v a lu e  and v(C-C) i n c r e a s e s  abou t 60 cm  ^ (1094 to
1155 cm . The same b e h a v io r  i s  observed in  th e  p ro p io n y l  c h lo r id e
complex. An i n t e r e s t i n g  f e a t u r e  o f  the  TiCjfc^ and Aj&CSL^  compounds
w ith  a c e ty l  c h lo r id e  i s  t h a t  th e  v i b r a t i o n a l  spec trum  changes s low ly
over a p e r io d  o f 100 h o u r s .  The appearance  o f  weak bands a t  2195 cm ^
and 2350 cm  ^ i n d i c a t e s  th e  p re s e n c e ,  i n  sm all  am ounts, o f  an
io n iz e d  form, [C H ^C O j^TiC j^] o r  [CH^COj^AAC^] . Greenwood and 
83Wade r e p o r t  t h a t  GaCA^ forms an io n ic  s p e c ie s  w i th  benzoyl
c h lo r id e  and a n o n -c o n d u c t in g  s p e c ie s  w i th  a c e t y l  c h lo r id e .
As might be a n t i c i p a t e d ,  th e se  compounds a re  ex trem ely
m o is tu re  s e n s i t i v e  and a l l  r e a c t i o n s  must be c a r r i e d  ou t under
anhydrous c o n d i t i o n s .
In  th e  uranium(V)-TCAC complex, th e  ca rb o n y l s t r e t c h i n g
frequency  i s  found a t  1560 and 1520 cm \  200 cm  ^ lower thah  t h a t
** 1 84 85 86of the  f r e e  a c id  c h lo r id e  v a lu e  o f  1760 cm * * C o o rd in a t io n
83. N.N. Greenwood and K. Wade, J .  Chem. S o c . . 1527 (1956).
84. H. G erd ing  and J .  DeBoer, R e c u e i l . 69 . 941 (1950) .
85. C. D uval, H. G erd ing , and J .  Lecomte, R e c u e i l . 69. 391
(1950).
8 6 . H. G erd ing  and H.G. H aring , R e c u e i l . 7 4 . 957 (1955).
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o f  the  oxygen to  the  U(V) ion  by a d a t iv e  bond o f th e  type  mentioned
e a r l i e r  would produce t h i s  e f f e c t .  The m agnitude of t h i s  f requency
s h i f t  (2 0 0  cm ^) may be compared to  the  o n ly  o th e r  complexes of
87U(V) in v o lv in g  c o o r d in a t io n s  th ro u g h  an oxygen atom , UCX^RgPO),
where R=phenyl o r  C g H ^. The P=0 v i b r a t i o n a l  f req u en cy  in
UCX^'PhgPO i s  lowered 217 cm * (from  1192 to  973 cm *") and 161 cm ^
i n  UC4c * (CqH, _) »P0 (from  1144 to  983 cm *"). The p re sen ce  of the  
j  o 17 J 
1 1
[2C=C-C=0] co n juga ted  s t r u c t u r e  in  th e  l ig a n d  m olecule  should  g ive  
r i s e  to  o th e r  p r e d i c t a b l e  changes in  the  v i b r a t i o n a l  spec trum  upon 
c o o r d in a t io n  o f  the  oxygen to  some m eta l io n .  E l e c t r o n  d r a in  away 
from the  oxygen i n t o  m eta l  o r b i t a l s  should  d e c re a s e  the  e l e c t r o n  
d e n s i t y  of the  C=0 bond, th e re b y  lo w erin g  th e  bond o rd e r  and the  
s t r e t c h i n g  f req u e n cy .  T h is  change should  a l s o  be accompanied by 
e l e c t r o n  d e n s i t y  s h i f t  from th e  C=C double  bond toward th e  C=0 
group . Th is  would, in  t u r n ,  in c r e a s e  th e  e l e c t r o n  d e n s i t y  in  the  
v i c i n i t y  o f  the  C-C s in g le  bond (se e  be low ). These changes 
should  produce a lo w erin g  o f  and an in c r e a s e  in
[ C d  -  C ^ 0  -  U]
The e x p e r im e n ta l  r e s u l t s  ( s e e  T able  XVIII) i n d i c a t e  a s h i f t  from 
1115 to  1165 cm in  v^c and a downward s h i f t  i n  ^c_c  ^ from 
1526 to  1435 cm ■*■. The e x p e r im e n ta l  e v id en c e ,  t h e r e f o r e ,  q u i te
87. K.W. B a g n a l l ,  D. Brown, and J .G .H . DuPreez, J .  Chem. 
S o c . . 5217 (1965).
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s t r o n g l y  fa v o rs  a s t r u c t u r e  o f  the  type [CA9C=CCACC^0  -» UCX-] in
o p p o s i t io n  to  an io n ic  s t r u c t u r e  such as  [C^C^CACO] [UCj&g] .
I n v e s t i g a t i o n  o f  th e  f a r - i n f r a r e d  r e g io n  o f th e  spectrum
r e v e a l s  th e  p resen ce  of u ra n iu m -c h lo r in e  s t r e t c h i n g  v i b r a t i o n s .
In  RbUCAg, the  s t ro n g  a b s o r p t io n  a t  315 cm  ^ i s  a s s ig n e d  a s  the
i n f r a r e d - a c t i v e  T^u mode ( v ^ ) • An i d e n t i c a l  v a lu e  i s  found f o r
Pr?NUCj&,. Th is  compares w i th  v a lu e s  o f 303 cm  ^ f o r  CsUCjJ-,4- o o
310 cm  ^ f o r  Me.NUCA,. and 306 cm  ^ f o r  Ph.AsUCX, r e p o r te d  byA O <4 6
63B agna ll  . In  UCA,-*TCAC th e  U-Cj& s t r e t c h i n g  f req u e n cy  i s  lo c a te d  
a t  320 cm This  compares w i th  a v a lu e  o f  285 cm  ^ in  UCi^'Ph^PO 
and 304 cm * in  UCXc(C0H ._ ) oP0.
J  o  i  /  j
v
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TABLE XVIII
INFRARED BANDS (cm"1) OF SOME URANIUM(V) COMPOUNDS
TCAC3 C3M 6b UCj&5-TCAC PrJjUCAg Band A ssignm ents
2890s
2915s V(C-H)
1750w 1760w
1760 1560s
1520s
v (c=o)
1526 1555s 1435s
1260sh
1470s
v (c=c)
6a sy  (C-H)
1115 1117m
•2J**
1165s
1 1 1 2m
1393s
1340m
8sym (C-H)
v ( c - c )
1086s 1086m 1286w
997 1 0 1 2w 1 0 0 2m 1190m
960 982m 1 1 2 2w
949s 947s 1056m
934s 910sh 1005s
878 908w 903s 940w
795 867s 862s
744
702
758-782s
750sh
756s
729s V(C-CA)
655 657s 680w
588 584s 567m 757s
536 567s 528m 725sh
494 520w
457
425
455m
420w
\j f
(U-O) •
380 390w
338 335s
320 315s
v( u- cjO
a) Raman s p e c t r a l  d a ta  f o r  t r i c h l o r o a c r y l y l c h l o r i d e  ( r e f . 8 4 ) .
b) H exach lo ropropene .
APPENDIX I
I t  i s  shown by C o t to n ‘d  t h a t  f o r  an o r b i t a l  ( o r  s t a t e )  
wave f u n c t io n  hav ing  a n g u la r  momentum quantum number & ( o r  L) th e  
c h a r a c t e r  o f  th e  r e p r e s e n t a t i o n  f o r  which i t  forms a b a s i s ,  under 
a symmetry o p e r a t io n  which c o n s i s t s  in  r o t a t i o n  by an  a n g le  a ,  i s  
g iv en  by
, . sin(j&+%)a 
X<<*> = Wsin (o? /2 )
E q u a tio n  1 may be used f o r  s t a t e s  where J  i s  an  i n t e g e r  by r e p l a c i n g  
JL w i th  J .  However, when J  i s  h a l f  i n t e g r a l ,  a problem  a r i s e s .
R o ta t io n  by 2rr, b e in g  an i d e n t i t y  o p e r a t io n ,  shou ld  y i e ld  
x ( ° )  = X ^ o ^ t t ) .  However, when J  i s  h a l f  i n t e g r a l  i t  can be sh o w n ^  
t h a t  x,(o^2tt) = • S ince th e  c h a r a c te r s  o f  a r e p r e s e n t a t i o n
must be u n iq u e ly  d e f in e d ,  we see t h a t  th e  above p ro ced u re  would 
be i n c o r r e c t .  This  problem  was so lved  by Bethe who proposed th a t  
r o t a t i o n  by 2 tt be t r e a t e d  as  a symmetry o p e r a t io n  b u t  no t an  i d e n t i t y  
o p e r a t io n  (a m a th em atica l p o s s i b i l i t y ,  b u t  o f  no p h y s ic a l  s i g n i f i c a n c e )  
The o r d in a r y  r o t a t i o n  groups were expanded by t a k in g  th e  p ro d u c t  of 
th e  new o p e r a t io n  w i th  a l l  th e  e x i s t i n g  r o t a t i o n s .  T h is  new group 
c o n ta in s  tw ice  as  many o p e ra t io n s  as the  o r i g i n a l  r o t a t i o n  group , 
and i s  c a l l e d  a "double  g ro u p " .
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U sing e q u a t io n  1 to  o b ta in  th e  c h a r a c t e r s  f o r  of=0 and 
2tt r e s u l t s  in  an in d e te rm in a n t  form, L 'H o s p i t a l ' s  r u l e  i s  employed 
and th e  r e s u l t s  a re  '
x (0) = 2J + 1
v ( 2 tt)  =
-(2 J+ 1 )
J  an i n t e g e r  
J  a h a l f  i n t e g e r
The c h a r a c t e r s  f o r  th e  r e p r e s e n t a t i o n  a re  th e n  de term ined
a s  fo l lo w s .  The c h a r a c t e r  f o r  E(o=0) and R(<*=2tt) a re  o b ta in ed  
s im p ly  as  o u t l i n e d  above.
x (0) = 2 (5 /2 )  + 1 = 6 and x (2rr) = - [ 2 ( 5 / 2 )  + l ]  = - 6
a ■
The n e x t  r o t a t i o n  as  g iv en  in  the  double  group t a b le  f o r  0 7 i s
2 ttC3 ( — ) . Then e q u a t io n  1 y i e l d s
„ s i n ( 5 / 2  + 1 /2 ) ! 2
“'?> ■ ■ , ,a . ,— “  ■0s inC^Tj)
P ro ce e d in g  in  t h i s  manner f o r  each  o f th e  r o t a t i o n s  in  the  group 
t a b l e  f o r  0 7 p roduces  th e  c h a r a c t e r s  as  l i s t e d  in  the  d i s c u s s io n  
o f  n e a r - i n f r a r e d  e l e c t r o n i c  a b s o r p t io n  s p e c t r a .  The i d e n t i c a l  
p ro ced u re  i s  fo llo w ed  to  o b ta in  th e  c h a r a c t e r s  f o r  th e  r e p r e s e n t a t i o n
APPENDIX I I
R educib le  r e p r e s e n t a t i o n s  a re  c o n v e n ie n t ly  reduced u s in g  
the  s ta n d a rd  form ula
Oi = 1 /h  S  b X(R) x i(R ) (2)
R
where Qi = number o f  t im es th e  i t h  i r r e d u c i b l e  r e p r e s e n t a t i o n  occu rs  
h = o rd e r  o f  th e  group (number o f  symmetry o p e ra t io n s )
b = number o f e lem en ts  in  each  c l a s s
X(R) = c h a r a c t e r  o f  the  r e d u c ib le  r e p r e s e n t a t i o n
xi(R )  = c h a r a c t e r  o f  th e  i t h  i r r e d u c i b l e  r e p r e s e n t a t i o n .
The use o f  e q u a t io n  (2) w i l l  be i l l u s t r a t e d  u s in g  an example.
Reproduced below i s  p a r t  of th e  group t a b l e  f o r  0 7 a lo n g  w i th  the  
c h a r a c t e r s  f o r  th e  r e p r e s e n t a t i o n .
4C3 AC3 3C2 3C4 3ca4 6 c 2
o 7 E R 4C*R 4C3R 3C2R 3C3R 3C.R4 6C^R
r l  <Al'> 
•
1 1 1 1 1 1 1 1
•
•
r 7 ( e 7) 2 - 2 1 - 1 0 - / 2 n 0
r 5 /2 6 - 6 0 0 0 V  2 n 0
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To d e te rm in e  i f  T^(A^) i s  c o n ta in ed  in  eclua t i o n  (2) i s  u t i l i z e d
as  fo l lo w s
0^ = l / 4 8 [ ( 1x6x1) + ( l x - 6x l )  + (8x0x1) + (8x0x1)
+ ( 6x0x 1) + 6x - / 2x l )  + ( 6x / 2x l )  + 12x0 x 1) ]
= 0
T h ere fo re  i s  no t an i r r e d u c i b l e  r e p r e s e n t a t i o n  o c c u r r in g  in  
r 5/ 2* A pplying t h i s  same p rocedure  to  r ^ ( E ' )  we g e t
0^ = l / 4 8 [ ( lx 6 x 2 )  + ( lx - 6 x - 2 )  + (8x0x1) + (8 x 0 x - l)
+ ( 6x0x0 ) + ( 6x - / 2x - / 2) + (6x / 2x / 2 ) + ( 1 2x0x0 ) ]
= I
T h e re fo re  i s  an i r r e d u c i b l e  r e p r e s e n t a t i o n  co n ta in ed  in  th e
r 5 / 2  s t a t e .  F o llow ing  t h i s  p rocedure  f o r  a l l  the  i r r e d u c i b l e  
r e p r e s e n t a t i o n s  o c c u r r in g  in  0 r le a d s  to
r 5 / 2 -* Ty + Tg. For the  r e s u l t s  a r e
r 7 /2  "* r 6 + r 7 + r 8 *
When the  quantum numbers s ,  S o r  J  a r e  h a l f  i n t e g r a l  new r e p r e s e n t a t i o n s
a r e  o b ta in ed  in  th e  double  group which a re  no t co n ta in ed  in  the
sim ple  g roup . These new r e p r e s e n t a t i o n s  a l l  have an even o rd e r  and 
a l l  w av efu n c tio n s  o f  th e  system  must be a t  l e a s t  doubly  d e g e n e ra te .
These l e v e l s  a r e  c a l l e d  Kram er1s d o u b l e t s . K ram er 's  theorem  s t a t e s  
t h a t  in  th e  absence  o f  an e x t e r n a l  m agnetic  f i e l d ,  th e  s p in  
d eg en e racy  o f  a system  hav ing  an odd number o f  e l e c t r o n s  must always 
rem ain  even though the  low symmetry o f  the  su r ro u n d in g s  l i f t s  a l l  
o th e r  d e g e n e ra c ie s .
APPENDIX I I I
In  Appendix I I I  i s  l i s t e d  th e  c h a r a c t e r s  o b ta in e d  us in g
3 3th e  v a r io u s  J  s t a t e s  a r i s i n g  from tjie H and F l e v e l s  a s  a b a s i s  
f o r  a r e p r e s e n t a t i o n  in  symmetry. D e t a i l s  f o r  the  method of 
c a l c u l a t i o n  ap p ea r  in  Appendices I  and I I .  The s t a t e s  w hich a r i s e  
from th e se  r e p r e s e n t a t i o n s  w i l l  be found under P a r t  I . R e s u l t s  and 
D is c u s s io n . V is ib le  and N e a r - In f r a re d  S p e c t r a .
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